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SUMMARY 


This  program,  conducted  for  the  Air  Force  Materials  Laboratory,  has 
been  concerned  with  the  development  and  evaluation  of  improved  self-lubri- 
cating composites.  The  concept  of  utilizing  carbonized  phenolic  resin 
(CPR)  as  a matrix  for  lubricating  pigments  was  developed  on  an  earlier 
AFML  contract.  The  potential  advantages  of  the  CPR  system  include: 

(1)  almost  unlimited  formulation  possibilities  because  of  the  material  com- 
patibility with  phenolic;  (2)  the  processing  design  by  which  hardness, 
stiffness,  and  temperature  stability  can  be  adjusted;  and  (3)  the  low 
material  cost.  Early  development  efforts  resulted  in  two  formulations 
which  functioned  very  well  in  room  temperature  tests  at  loads  up  to  3,000 
psi  (20.7  MN/m2)  and  speeds  up  to  588  fpm  (2.99  m/s)  wherein  the  PV  did  not 
exceed  108,000  lb-f t/ in2-min  (3.78  MNm/m2-sec).  However,  at  higher  loads, 
fiber  reinforcement  was  found  to  be  very  beneficial. 

During  this  report  period,  numerous  specimens  have  been  prepared  with 
modified  compositions  and  processing  techniques.  CPR  composites  have  been 
prepared  with  18,  31,  38,  44  and  59%,  (vol.)  graphite  fibers.  Synergistic 
additives  included  with  M0S2  and  the  fibers  include  Sb203>  ZnO,  and  tetra- 
f luoroethy lene  powders.  Specimens  have  been  compression-molded  as  blanks 
for  machining  into  slider  or  journal  sleeves;  others  have  been  formed 
directly  as  journal  sleeves  in  a metal  housing.  Specimens  have  been  car- 
bonized at  maximum  temperatures  of  320,  400  and  550°C  (593,  673,  and  823°K). 

The  CPR  composites  have  been  evaluated  for  friction  and  wear  character- 
istics in  screening  tests  of  flat  specimens  sliding  in  oscillatory  motion 
and  in  real  journal  bearings  operating  in  the  oscillatory  mode.  The  screen- 
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ing  tests  have  been  conducted  at  loads  from  1,500  psi  (10.3  MN/m  ) to 
27,000  psi  (189  MN/m2)  and  speeds  of  3 fpm  (0.015  m/s)  to  36  fpm  (0.152 
m/s).  Specimens  containing  30  to  38%  graphite  fibers  performed  very  well 
in  these  screening  tests.  The  synergistic  additive,  Sb203,  alone  or  in  com- 
bination with  tetraf luoroethylene  powder  (within  the  fiber  reinforced 
MoS2“based  CPR  composite)  appear  to  offer  the  best  friction  and  wear  per- 
formance under  these  test  conditions.  These  data  compare  favorably  to  data 
cited  in  the  literature. 

The  oscillatory  journal  tests  have  been  conducted  at  loads  from  2,000 
to  12,000  psi  (13.8  to  82.7  MN/m2)  at  an  average  linear  speed  of  2.18  fpm 
(0.011  m/s)  and  at  temperatures  of  100,  400,  and  600°F  (311,  477  and  588°K). 
The  specimens  containing  31%,  fibers  exhibited  much  lower  wear  than  those 
containing  18%  fibers.  The  wear  factors  decreased  with  increasing  load  and 
with  increasing  temperatures.  Comparison  of  these  data  with  values  reported 
in  the  literature  indicate  the  friction  and  wear  values  of  these  CPR  com- 
posites are  very  competitive.  The  wear  and  friction  values  appear  to  be 
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acceptable  for  many  Air  Force  applications  at  the  PV  factor  used  in  these 
tests,  which  were  accelerated  in  speed. 


Evaluation  of  these  composites  at  the  desired  design  conditions,  which 
includes  speeds  of  11  cpm  and  loads  up  to  40,000  psi  (276  MN/m^),  has  been 
greatly  limited  by  alignment  problems  on  the  test  machine.  In  the  tests 
that  have  been  conducted  at  11  cpm  (0.25  fpm;  0.00122  m/s),  failure  has 
occurred  at  8,000  psi  (55.2  MN/m^).  However,  in  each  test  there  was  some 
indication  of  alignment  problems  which  caused  excessive  loading  to  occur 
at  one  edge  of  the  journal  bearing. 


I. 


INTRODUCTION 


The  objective  of  the  program  is  to  develop  new  and  improved  self- 
lubricating  composite  materials  with  high-load  and  high-temperature 
(600°F;  588°K)  capabilities.  Materials  developed  here  are  expected  to 
serve  as  a technology  base  for  development  of  specific  self-lubricating 
bearing  liner  materials  for  use  in  aircraft  control  and  landing  gear  com- 
ponents . 

Self-lubricating  composites  have  been  the  subject  of  investigation 
for  many  years  and  by  many  workers.  Many  plastic  materials  have  been 
found  to  be  effective  as  bearing  materials  with  no  external  lubrication, 
especially  at  light  loads  (Refs.  1-3).  The  load  carrying  capacity  can  be 
substantially  increased  with  the  inclusion  of  high-strength  fibers,  such 
as  glass  or  carbon/graphite  (Refs.  4-8).  Similarly  the  friction  coeffi- 
cient and  wear  rate  can  frequently  be  reduced  by  the  inclusion  of  solid 
lubricant  powders,  such  as  M0S2,  graphite,  and  tetraf luoroethylene  (Refs. 
9-11).  Another  class  of  self -lubricating  composites  has  been  developed  by 
the  formation  of  a refractory  metal  matrix  for  M0S2  or  other  thermally 
stable  solid  lubricants  (Refs.  12,13).  These  composites  are  formed  under 
moderate  pressures  by  sintering  at  high  temperatures.  Still  another  class 
of  self-lubricat’ng  composite  has  recently  been  investigated.  This  pat- 
ented concept  (Ref.  14)  has  been  to  utilize  the  structure  of  selected 
resins,  after  partial  carbonization,  as  the  matrix  for  solid  lubricant 
pigments.  The  results  of  prior  development  efforts  in  developing  this 
last  class  of  self-lubricating  composites  have  been  summarized  in  prior 
reports  to  the  Air  Force  Materials  Laboratory  (Refs.  15,16).  Phenolic 
resin  has  been  selected  for  initial  investigation.  Lubricating  pigments 
of  M0S2  and  Sb2C>3  have  been  effective  within  the  phenolic  resin,  either 
carbonized  or  uncarbonized.  Graphite  fibers  have  proven  effective  in  in- 
creasing the  load  carrying  capacity  of  these  composites. 

The  current  effort  has  been  to  extend  the  development  of  solid  lubri- 
cant composites  which  utilize  a carbonized  phenolic  resin  matrix.  The 
primary  thrust  has  been  the  inclusion  of  greater  quantities  of  graphite 
fibers  for  improvement  of  the  high-load  performance.  Solid  lubricating 
materials  developed  on  this  program  and  the  earlier  programs  have  been 
evaluated  and  applications  for  these  materials  have  been  sought.  The 
development  and  evaluation  efforts  have  been  directed  toward  the  solution 
of  current  and  anticipated  Air  Force  lubrication  problem  areas. 
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The  work  performed  during  the  period  of  1 August  1975  to  31  December 
1975  is  described  in  the  following  sections  of  this  report.  Much  of  the 
data  collected  in  the  period  1 December  1974  to  31  July  1975  is  also  in- 
cluded in  this  report  for  reference  and  comparison  purposes.  The  next  sec- 
tion, dealing  with  the  preparation  and  formulation  of  self- lubricating 
composites,  discusses  procedures  used  in  mixing,  molding,  carbonizing,  and 
fabricating  composite  materials.  Also  discussed  are  the  synergistic  and 
reinforcement  additives,  specimen  sizes,  weight  losses  during  carbonization, 
and  the  evaluation  of  compression  test  specimens.  The  following  section 
deals  with  the  tribological  evaluation  of  these  experimental  composites. 

The  test  machines  and  procedures  are  discussed,  followed  by  presentation  of 
the  data  for  each  composition.  The  next  section  presents  a discussion  of 
the  experimental  results  obtained  on  this  program  and  compares  them  with 
recent  results  found  in  the  literature.  The  final  section  consists  of  con- 
cluding comments. 
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FORMULATION  AND  PREPARATION  OF  SELF-LUBRICATING  COMPOSITES 


A.  Preparation  of  Composites 

Prior  work  has  resulted  in  the  development  of  partially  carbonized 
phenolic  resin  as  a matrix  for  self- lubricating  composites  (Refs.  15,16). 
Formulation  of  CID-100,  which  contains  M0S2  and  Sb203,  was  found  to  per- 
form very  well  in  oscillatory  slider  tests  and  high-speed  journal  tests. 
However,  the  performance  was  not  as  good  in  low-speed  journal  tests  where 
the  projected  area  load  ranged  from  1,500  to  6,000  psi  (103  x 10^  to  414  x 
10"’  N/m^)  at  a speed  of  20  fpm  (0.10  m/sec).  The  second  formulation  was 
CID-101,  which  contains  graphite  fibers  as  an  additional  ingredient.  The 
CID-101  composites  performed  very  well  under  all  of  the  test  conditions, 
exceeding  the  CID-100  performance  notably  in  the  high-load,  low-speed  jour- 
nal tests.  A review  of  this  comparative  performance  has  revealed  the 
desirability  of  including  more  volume  of  chopped  graphite  fibers  for  evalu- 
ation especially  at  high  loads.  For  this  reason  we  have  prepared  additional 
CID-101  specimens  for  evaluation  in  oscillatory  journal  bearing  tests;  some 
of  the  specimens  contain  18%  and  some  31%  (vol.)  graphite  fibers.  We  have 
also  included  PTFE  and  ZnO  powders  as  additives  and  polyphenylene  sulfide 
(PPS)  resin  as  a matrix. 

A number  of  procedures  and  techniques  have  been  incorporated  into  the 
standard  method  for  preparation  of  the  self-lubricating  composites  on  this 
program.  Some  of  those  features  are  briefly  set  forth  here  for  the  record. 

The  various  component  materials  are  immersed  in  liquid  dispersant  and 
mixed  for  several  minutes  in  a small  commercial  blender.  The  slurry  is 
then  transferred  to  a shallow  container  and  the  liquid  dispersant  is  vapor- 
ized. The  dried,  caked  residue  is  repowdered  by  hand-mixing  with  a spatula. 
The  powder  mixture  is  then  transferred  to  a die  for  compression  molding. 

The  compression  molding  is  achieved  by  a combination  of  pressure  and 
temperature.  The  powder  is  first  compressed  to  the  desired  pressure.  The 
die  is  then  heated  at  approximately  5.4°F/min  (0.05°K/s)  to  400°F  (478°K) 
and  maintained  at  that  temperature  for  1 hr  (3,600  s) . The  pressure  is 
maintained  until  the  die  reaches  room  temperature.  The  pressure  is  then 
released  and  the  specimen  is  pressed  out  of  the  die  and  is  ready  for  carbon- 
ization. 
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Carbonization  of  the  test  specimens  is  conducted  in  a nonoxidizing 
gas  environment,  such  as  nitrogen  or  argon.  The  carbonizat ion  process  is 
essentially  a decomposition  of  the  resin.  Therefore,  the  degree  of  carbon- 
ization (or  decomposition)  is  dependent  on  the  temperature  and  time  at  tem- 
perature. However,  the  structure  of  the  residue  is  dependent  on  the  heat- 
ing rate.  If  the  specimens  are  heated  too  fast,  the  internal  gas  pressure 
(from  both  trapped  and  decomposed  sources)  is  postulated  to  reach  high 
enough  levels  to  form  cracks  as  pathways  of  escape.  In  our  experience,  the 
size  and  quantity  of  cracks  formed  in  specific  sized  specimens  has  decreased 
with  each  reduction  in  heating  rate.  It  has  been  reported  that  micro-pores 
are  formed  in  the  preparation  of  hard,  crack-free  specimens  of  vitreous 
carbon  (Ref.  17)  and  serve  as  escape  routes  for  decomposition  gases.  We 
have  found  that  a heating  rate  of  0.1°C/min  (0.0017°K/s)  or  less  has  been 
suitable  in  forming  satisfactory  specimens  of  the  size  discussed  in  this 
report. 

Test  specimens  of  various  types  can  be  easily  prepared  from  the  car- 
bonized materials  through  the  use  of  careful  machining  procedures.  These 
materials  are  somewhat  brittle  in  character.  For  this  reason,  small  cuts 
and  low-speed  feeding  are  beneficial  in  lathe  and  milling  operations. 

Some  specimens  have  been  regularly  prepared  with  hacksaw  forming,  emery 
cloth  smoothing,  and  grind  finishing  operations. 


B . Formulation  of  Composites 

A wide  variety  of  materials,  reported  earlier  (Refs.  15,16)  to  be 
compatible  within  the  carbonized  phenolic  resin  matrix  includes  self- 
lubricating  solids  (M0S2.  graphite,  etc.),  synergistic  additives  (Sb2C>3, 

ZnO,  etc.),  and  reinforcing  fibers  (carbon/graphite,  glass,  etc.).  This 
wide  range  of  compatibility  offers  great  potential  in  composite  formula- 
tion. Furthermore,  in  theory,  the  carbonization  temperatures  can  be 
coordinated  with  specific  formulations  to  satisfy  particular  applications. 

Two  formulations  were  selected  from  earlier  work  which  appeared  to 
offer  great  potential  for  application  in  solving  current  Air  Force  needs. 

These  were  designated  CID-100  and  CID-101.  The  CID-100  formulation  contains 
M0S2  + Sb^O^  in  a carbonized  phenolic  resin  (CPR)  matrix.  The  CID-101  formula- 
tion contains  graphite  fibers  in  addition  to  the  ingredients  in  CID-100. 
Specimens  had  been  prepared  with  fiber  content  of  7,  13,  18,  and  23 % (vol.). 
Evaluation  tests  had  been  conducted  primarily  with  the  CID-100  specimens 
and  CID-101  specimens  which  contained  18%  graphite  fibers.  Little  differ- 
ence was  reported  in  terms  of  friction  and  wear  under  light-load  tests; 
however,  under  heavy  loads  (1,500  to  6,000  psi;  10.3  to  41.4  MN/m2)  the 
fibrous  specimens  exhibited  much  lower  wear  than  the  nonfibrous  specimens. 


Based  on  those  results,  and  the  contractual  commitment  to  high-load  bear- 
ings, we  have  extended  our  efforts  in  this  program  to  investigating  speci- 
mens with  high  fiber  content. 

Specimens  have  been  prepared  with  18,  31,  37,  44  and  59%  (vol.)  graphit 
fibers.  A summary  of  these  specimens  and  the  relevant  preparation  param- 
eters are  given  in  Table  I.  Three  different  dies  have  been  used  in  com- 
pression molding  of  these  specimens.  All  sizes  are  suitable  for  preparing 
specimens  for  friction  and  wear  screening.  However,  the  small  die  (1.25 
in  diameter;  0.032  m diameter)  is  suitable  for  preparing  only  a single 
journal  specimen;  the  journal  liner  can  be  pressed  in  the  metal  sleeve 
during  compression  molding  (see  Figure  1)  or  it  can  be  machined  and  pressed 
into  the  metal  sleeve.  Two  journal  bearing  liners  (see  Figure  2)  can  be 
machined  from  the  medium-sized  die  specimens  (1.75  in.  diameter;  0.044  m 
diameter)  shown  in  Figure  3,  but  only  one  liner  can  be  pressed  in  place 
during  the  molding  operation.  The  large  die  (2.0  in.  diameter;  0.051  m 
diameter)  has  been  employed  to  improve  efficiency  by  speeding  up  the 
preparation  of  journal  liners;  three  can  be  molded  in  place  (see  Figure  4) 
or  three  can  be  machined  and  press-fit  into  the  metal  sleeves.  Lower 
pressures  have  been  used  in  molding  the  larger  specimens  because  of  press 
limitations.  However,  initial  screening  results  indicated  no  significant 
change  in  performance  with  the  lower  molding  pressure.  Therefore,  numerous 
specimens  were  prepared  in  the  large  die,  as  shown  in  Table  I;  some  molded 
directly  into  metal  sleeves  (Figure  5)  and  some  molded  as  blanks  for 
machining  and  press- f itt ing  of  test  journals. 

All  of  the  carbonized  specimens  shown  in  Table  I were  carbonized  in  a 
nitrogen  atmosphere  at  a heating  rate  no  greater  than  0.1°C/min  (0.0017°K/s) 
Three  final  carbonization  temperatures  were  used:  320,  400,  and  550°C 

(593,  673,  and  823°K). 

The  weight  loss  associated  with  carbonization  of  some  of  these  speci- 
mens is  shown  in  Table  II.  The  percentage  weight  loss  of  the  CID-101  com- 
posites carbonized  at  400°C  (673°K)  averaged  5.53  and  is  within  the  range 
of  data  reported  previously.  The  single  CID-103  specimen  exhibited  a 
weight  loss  of  6.76%,  which  as  expected,  is  within  the  scatter  of  data  pre- 
viously reported  for  CID-101  composites  (Ref.  16). 

The  two  CID-101  specimens  which  were  carbonized  at  550°C  (823°K)  ex- 
hibited an  average  weight  loss  of  11.4%.  This  weight  change  corresponds 
to  approximately  60%  loss  of  the  resin  if  all  of  the  loss  is  due  to  decom- 
position of  the  phenolic  resin.  The  one  CID-661  specimen  lost  6.167.  of 
its  weight  after  being  carbonized  at  550°C  (823°K),  which  corresponds  to 
approximately  the  loss  of  30%  of  the  polyphenyline  sulfide  resin.  That 
loss  is  very  nearly  the  average  weight  loss  of  the  phenolic  samples  car- 
bonized at  400°C. 


TABLE  I 


SUMMARY  OF  PREPARATION  PARAMETERS  FOR  C PR  SAMPLES 


Specimen 

Number—^ 


Graphite  Fiber 
Content^/ 

(vol  %) 


Polymerization^-' 

Other  Pressure  HeatinR  Rate 

Additives  (psi)  (MN/m^)  (°C/min)  (°K/s) 


Carbonization 
Maximum 
Temperature 
(°C)  (°K) 


Specimen  size:  1.25  in.  diameter  (0.032  m 


101-69^' 

18.6 

Sb  2O3 

8,800 

101-70^/ 

18.6 

Sb20^ 

8,800 

101-71—/ 

18.6 

Sb203 

8,800 

101-L-2 

31.3 

Sb203 

16,400 

101-L-3 

31.3 

Sb  2O3 

16,400 

Specimen  size: 

1.75  in. 

diameter  (0 

.044  ml 

Sb203 
Sb203 
Sb203 
Sb203 
Sb  2O  3 
Sb203 
Sb203 
Sb203 
ZnO 

Sb203 , PTFE 
Sb203,PTFE 
Sb203,PTFE 
Sb203,PTFE 
Gr.BCMtl/ 


8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 

8,200 


Specimen  size:  2.00  in.  diameter  (0.051  m 


101-82^/  3 
101-83  3 
101-84  3 
101-85  3 
101-86  3 
101-87—/  3 


TABLE  I (Concluded) 


Carbonizat  Ion 

, 

Graphite  Fiber  Polymerization-' Maximum 


Spec imen 
Number—' 

Content—^ 
( vo  1 %) 

Other 

Additives 

Pressure 

Heat ing 

Rate 

Temperature 

Ipsi) 

(MN/m2) 

(“C/min) 

(«K/s) 

.CC! 

m 

101 -88— 7 

31.3 

Sb203 

6,300 

43 

2.4 

0.040 

400 

673 

101-89^' 

37.8 

Sb203 

6,300 

43 

2.0 

0.033 

400 

673 

101-90 

31.3 

Sb20j 

6,300 

43 

3.6 

0.060 

- 

- 

101-9LS' 

31.3 

®^2®3 

6,300 

43 

2.7 

0.043 

400 

673 

111-4 

30.7 

Sb203,PTFE 

6,300 

43 

2.3 

0.038 

- 

- 

111-5 

30.7 

Sb203,PTFE 

6,300 

43 

2.4 

0.040 

- 

- 

111-6®' 

30.7 

Sb203,PTFE 

6,300 

43 

2.7 

0.045 

400 

673 

111-7—' 

30.7 

Sb203,PTFE 

9,900 

68 

1.9 

0.031 

400 

673 

103-3 

31.3 

ZnO 

6,300 

43 

2.9 

0.048 

400 

673 

103-4 

31.3 

ZnO 

6,300 

43 

2.9 

0.048 

- 

- 

103-54' 

31.3 

ZnO 

6,300 

43 

2.5 

0.042 

400 

673 

103-6^' 

31.3 

ZnO 

6,300 

43 

2.8 

0.047 

400 

673 

661-1 

31.4 

ZnO 

6,300 

43 

~ 7.5 

0.125 

550 

823 

101-L-l 

31.3 

Sb  203 

6,300 

43 

3.2 

0.053 

315 

588 

1101-1 

31.32' 

Sb203 

6,300 

43 

2.9 

0.048 

- 

- 

1101-2 

31.3s' 

Sb  203 

6,300 

43 

2.8 

0.047 

315 

588 

1101-3 

31. 32' 

Sb203 

6,300 

43 

3.0 

0.050 

370 

643 

1101-4 

31.32' 

sb2°3 

6,300 

43 

3.1 

0.052 

427 

700 

1101-5S' 

31.32' 

Sb203 

6,300 

43 

2.4 

0.040 

400 

67  3 

a/  All  compositions  were  mixed  in  a cotunercial  blender  for  at  least  5 min;  Freon  TF  solvent 
was  used  as  the  dispersant.  All  mixtures  were  dried  overnight  prior  to  hot-pressing. 
Compositions  numbered  101- , 103- , 111-,  121- , 201- , 1101- , and  SP-  utilize  a phenolic 
resin  matrix;  those  numbered  661-  utilize  a polyphenylene  sulfide  resin  matrix;  those 
labeled  SPI-  utilize  a polyimide  resin  matrix, 
b/  These  graphite  fibers  are  identified  as  T50  in  our  data  books.  The  supplier  lists  the 
tensile  strength  at  250,000  psi  (1.7  x 10^  N/m2),  Young's  modulus  at  50  x 106  psi 
(345  x 10^  N/m2),  and  the  specific  gravity  as  1.7. 
c / All  101-,  103- , 111-,  121-,  201-,  and  SP-  specimens  were  heated  to  400<>F  (478°K)  at  the 
indicated  pressure  and  heating  rate  and  held  for  2 hr  (7,200s);  some  of  the  1101- 
specimens  were  heated  to  higher  temperatures  while  under  pressure  in  the  die;  the 
661-1  specimen  was  heated  to  750°F  (672°K)  and  held  for  10  min  (600s);  the  SPI-1 
specimen  was  heated  to  660°F  (622°K)  and  held  for  30  min  (1,800s);  all  specimens  were 
allowed  to  cool  to  room  temperature  while  under  pressure. 
d/  These  specimens  were  molded  directly  into  5/8  in.  bore  self-aligning  journal  sleeves; 

one  sleeve  in  each  small  specimen  and  three  in  each  large  specimen. 
e/  These  specimens  were  molded  directly  into  two  steel  cylindrical  sleeves  and  two  steel 
self-aligning  journal  sleeves. 

t/  This  specimen  was  molded  directly  into  a spherical  bearing  to  form  both  the  journal 
liner  and  spherical  seat. 

g/  Glass  fiber  was  substituted  for  graphite  fiber  in  these  composites, 
h/  BCM  is  a powder  prepared  from  a fused  mixture  of  BaF2,  CaF2,  and  MgF2. 
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Figure  1 - Photograph  of  Journal  Specimen  CID-101-71, 
Molded  and  Carbonized  in  Place 


101-74 


Figure  2 - Photograph  of  Journal  Specimens,  CID-101-74,  Machined  After 
Carbonization  and  Pressed  in  Place  as  Journal  Liners 
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Figure  4 - Photograph  of  Composite  CID-101-88,  Compression 
Molded  Into  Three  Metal  Journal  Sleeves 
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TABLE  II 


i 


WEIGHT  LOSS  OF  SEVERAL  COMPOSITES  DURING  CARBONIZATION 


Spec  imen^-/ 

Contents 

Carbonizat ion 
Temperature 
°C  °K 

Weight  Loss 

. (7.)  _ 

101-76  (3x) 

Composite  only 

400 

673 

4.95 

101-77  (3x) 

Composite  only 

400 

673 

5.87 

101-81  (6x) 

Composite  only 

400 

673 

5.78 

101-82  (6x) 

Composite  plus 
3 steel  journals 

400 

673 

4.22 

103-6  (6x) 

Composite  only 

400 

673 

6.76 

101-75  (3x) 

Composite  only 

550 

823 

11.74 

101-74  (6x) 

Composite  only 

550 

823 

11.06 

661-1  (6x) 

Composite  only 

550 

823 

6.16 

a/  The  101-  specimens  consist  of  MoS2»  and  graphite  fibers  in 

a phenolic  matrix;  the  661-  specimens  consist  of  M0S2,  ZnO,  and 
graphite  fibers  in  a polyphenylene  sulfide  resin;  the  103-  speci- 
mens consist  of  MoS2»  ZnO,  and  graphite  fibers  in  a phenolic 
matrix.  The  3x  designation  corresponds  to  18.6%  (vol.)  of  graphite 
fibers  and  6x  corresponds  to  31.37.  (vol.)  graphite  fibers. 


11 


L. 


C.  Compressive  Strength  Data  for  Self-Lubricating  Composites 


Compression  tests  have  been  conducted  on  numerous  self-lubricating 
composite  specimens  to  determine  the  compressive  strength  of  the  materials. 
The  test  procedure  used  was  similar  to  that  described  in  ASTM  Method  D-695- 
63T.  The  crosshead  speed  in  all  tests  was  0.10  cm/min  (17  um/s;  0.039 
in/min).  Stress-strain  curves  were  plotted  during  each  test  and  all  curves 
were  smooth  and  orderly  up  to  a yield  or  fracture  point. 

The  specimens  were  prepared  following  a set  procedure.  Rough-cut 
slabs  were  ground  to  size  in  a series  of  lapping  dies  until  the  cross- 
sectional  dimensions  were  achieved.  In  a similar  fashion,  end  faces  were 
lapped  flat  and  parallel  to  the  chosen  length.  The  cross  section  of  all 
specimens  was  1/4  x 1/4  in.  (0.006  m) ; the  tall  specimens  were  1/2  in. 

(0.013  m)  long  and  the  short  specimens  were  1/8  in  (0.003  m)  long.  A 
photograph  of  typical  compression  test  specimens  is  shown  in  Figure  6. 

The  data  from  all  the  compression  tests  have  been  reduced  and  are 
summarized  in  Table  III.  The  compressive  strength,  compressive  yield 
strength,  and  elastic  modulus  have  been  calculated  for  each  specimen  as 
shown  in  Table  III.  The  values  are  arranged  in  three  groups:  carbonized, 

uncarbonized,  and  a special  series  of  specimens.  The  first  portion  of 
Table  III  shows  values  calculated  for  carbonized  specimens  arranged  accord- 
ing to  composition  and,  within  each  composition,  in  order  of  increasing  fiber 
content.  The  second  portion  of  Table  HI  shows  values  calculated  for  un- 
carbonized specimens  arranged  in  similar  order.  In  some  cases  we  have  been 
able  to  prepare  compression  test  specimens  from  both  carbonized  and  uncar- 
bonized portions  of  the  same  composite.  The  last  portion  of  Table  III 
shows  values  calculated  for  composites  which  were  prepared  with  glass  re- 
inforcing fibers,  substituted  on  a volume  basis  for  grahite  fibers  used 
in  the  other  composites.  The  first  of  these  composites  was  uncarbonized, 
while  the  remaining  three  were  carbonized  under  pressure  in  the  die  to 
maximum  temperatures  of  600,  700,  and  800°F  (315,  370,  and  427°C;  588, 

643,  and  700°K),  respectively. 

Analysis  of  the  data  in  Table  III  indicate  several  trends.  First  of 
all,  higher  compressive  strength  is  generally  shown  for  short  specimens 
than  for  tall  specimens.  Since  the  journal  bearing  liners  are  usually 
thinner  than  these  short  specimens,  it  seems  reasonable  to  expect  that 
even  higher  static  loads  might  be  supported.  Of  course,  nonuniform  load 
distribution  and  dynamic  stresses  would  limit  the  useful  load  capacity  in 
application.  Secondly,  there  appears  to  be  little  difference  in  compres- 
sive strengths  of  CID-101  composites  which  contain  either  18%  (3x)  or  31% 

(6x)  graphite  fibers  (see  Figure  7).  If  anything,  the  specimens  with 
18%  appear  to  be  slightly  stronger.  The  third  observation  is  that  the 
uncarbonized  specimens  are  generally  stronger  than  the  carbonized  specimens 
(see  Figures  7,  8,  and  9). 
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TABLE  III 


A SUMMARY  OF  COMPRESSION  TEST  DATA  FOR  NUMEROUS 
SELF-LUBRICATING  COMPOSITES 


Composite 

Fiber 

Compressive  Strength 

Number.®/ 

Slze^ 

(103  lb/in2) 

(MN/ro2) 

Carbonized 

Specimens 

,d/ 

100-61R 

0 

S 

8.57 

59.1 

T 

8.96 

61.8 

100-63 

0 

S 

17.1 

118.0 

T 

9.32 

64.2 

101-4 

7 

S 

13.4 

92.1 

T 

7.54 

52.0 

101-5 

7 

S 

13.2 

91.2 

T 

19.4 

134.0 

101-11 

7 

S 

15.9 

110.0 

T 

6.24 

43.0 

101-76 

18 

S 

16.9 

116.0 

S 

12.4 

85.4 

T 

15.4 

106.0 

T 

9.76 

67.2 

101-75 

18 

S 

21.4 

148.0 

T 

10.3 

70.7 

101-33 

23 

S 

11.7 

80.8 

T 

7.18 

49.5 

101-29 

23 

S 

12.1 

83.4 

T 

9.16 

63.1 

101-78 

31 

S 

21.1 

146.0 

S 

13.9 

95.8 

T 

15.0 

103.0 

T 

6.11 

42.1 

101-74 

31 

S 

15.2 

105.0 

S 

16.2 

111.0 

S 

9.31 

64.1 

101-86 

38 

S 

13.6 

93.9 

s 

7.55 

52.0 

T 

12.5 

86.1 

T 

5.89 

40.6 

102-1 

0 

S 

12.6 

87.0 

T 

9.25 

63.8 

103-2 

18 

S 

9.58 

66.0 

S 

8.44 

8.2 

103-5 

31 

S 

13.1 

90.0 

T 

8.29 

57.2 

Compressive 

Yield  Strength  Elastic  Modulus 

(103  lb/ln3)  (m/n>2)  IIP6  lb/ in2)  (GN/m^T 


8.57 

59.1 

0.151 

1.04 

8.74 

60.2 

0.036 

2.32 

16.4 

113.0 

0.216 

1.49 

8.43 

58.1 

0.487 

3.36 

11.6 

79.8 

0.112 

0.77 

1.55 

10.7 

0.252 

1.74 

10.8 

74.2 

0.164 

1.13 

13.4 

92.4 

0.594 

4.10 

15.5 

107.0 

0.309 

1.44 

5.35 

36.9 

0.341 

2.35 

14.6 

101.0 

0.233 

1.61 

11.6 

79.9 

0.164 

1.13 

12.9 

89.0 

0.686 

4.73 

9.17 

63.2 

0.497 

3.43 

21.4 

148.0 

0.257 

1.77 

9.14 

63.0 

0.687 

4.74 

9.29 

64.0 

0.200 

1.38 

6.96 

48.0 

0.525 

3.62 

11.6 

80.3 

0.199 

1.37 

9.16 

63.1 

0.568 

3.92 

18.9 

130.0 

0.248 

1.71 

12.4 

85.4 

0.161 

1.11 

8.49 

58.5 

0.726 

5.01 

5.64 

38.9 

0.396 

2.73 

15.2 

105.0 

0.248 

1.71 

13.3 

91.7 

0.249 

1.72 

7.49 

51.6 

0.168 

1.16 

11.6 

80. 1 

0.239 

1.65 

6.21 

42.8 

0.148 

1.00 

11.6 

80.0 

0.834 

5.75 

5.44 

37.5 

0.484 

3.34 

12.4 

85.4 

0.207 

1.43 

5.41 

37.3 

0.560 

3.86 

8.64 

59.6 

0.123 

0.85 

2.67 

18.4 

0.146 

1.01 

12.6 

86.9 

0.144 

0.99 

5.38 

37.1 

0.425 

2.93 
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TABLE  III  (Continued) 


Compressive 


Composite 

Number—^ 

Fiber 

alb/ 

SiZ6^/ 

Compressive  Strength 

Yield  Strength 

Elastic  Modulus 

CIO3  lb/in2) 

KTTTBJl 

(103  lb/in2) 

(106  lb/ in2) 

(GN/m2 

201-1 

44 

s 

6.49 

44.7 

5.82 

40 

1 

0.138 

0.95 

T 

13.0 

89.3 

9.38 

64 

7 

0.745 

5.14 

SP-1 

59 

S 

10.4 

71.4 

9.23 

63 

6 

0.088 

0.61 

S 

6.67 

46.0 

6.34 

43 

7 

0.130 

0.898 

T 

5.17 

35.6 

5.17 

35 

6 

0.291 

2.01 

T 

3.84 

26.5 

2.59 

17 

8 

0.283 

1.95 

111  - 1 

29 

S 

15.4 

106.0 

13.4 

92 

4 

0. 199 

1.37 

S 

18.1 

125.0 

17.8 

123 

0 

0.223 

1.54 

111-2 

30 

s 

33.8 

233.0 

31.6 

218 

0 

0.406 

2.80 

T 

23.6 

163.0 

21.8 

150 

0 

1.04 

7.14 

111-3 

S 

27.4 

189.0 

24.9 

172 

0 

0.297 

2.05 

30.7 

212.0 

30.7 

212 

0 

0.321 

2.21 

17.9 

123.0 

16.7 

115 

0 

0.189 

1.30 

Uncarbonized  Specimens^ 


100-60 

0 

S 

25.7 

177.0 

24.4 

168.0 

0.248 

1.71 

T 

8.38 

57.8 

7.94 

54.7 

0.400 

2.76 

100-61R 

0 

S 

11.7 

80.9 

11.3 

77.8 

0.180 

1.24 

S 

4.50 

31.0 

3.38 

23.3 

0.083 

0.57 

101-5 

7 

S 

17.1 

118.0 

16.4 

113.0 

0.197 

1.36 

T 

17.8 

123.0 

8.89 

61.3 

0.613 

4.23 

101-11 

7 

S 

20.3 

140.0 

13.4 

92.4 

0.167 

1.15 

T 

11.6 

79.7 

9.78 

67.4 

0.594 

4.10 

101-76 

18 

S 

32.9 

227.0 

30.9 

213.0 

0.270 

1.86 

S 

19.6 

135.0 

17.6 

121.0 

0.189 

1.30 

T 

24.0 

166.0 

19.6 

135.0 

0.793 

5.47 

T 

14.8 

102.0 

12.4 

85.4 

0.605 

4.17 

101-L-3 

31 

S 

16.9 

117.0 

11.7 

81.0 

0.144 

0.99 

T 

15.5 

107.0 

13.5 

92.8 

0.660 

4.55 

101-74 

31 

S 

30.0 

207.0 

28.2 

195.0 

0.264 

1.82 

S 

14.6 

101.0 

14.6 

101.0 

0.187 

1.29 

T 

18.9 

130.0 

17.4 

120.0 

0.876 

6.04 

T 

14.7 

101.0 

13.5 

93.0 

0.635 

4.38 

101-81 

31 

S 

19.3 

133.0 

18.6 

129.0 

0.178 

1.23 

T 

20.9 

144.0 

17.8 

123.0 

0.721 

4.97 

103-5 

31 

S 

29.8 

206.0 

28.5 

196.0 

0.252 

1.74 

T 

20.4 

141.0 

19.3 

133.0 

0.715 

4.93 

SP-1 

59 

S 

37.3 

257.0 

33.1 

228.0 

0.258 

1.78 

S 

19.9 

137.0 

19.9 

137.0 

0.143 

0.985 

T 

29.4 

202.0 

20.2 

139.0 

0.854 

5.8S 

T 

19.1 

132.0 

13.6 

93.7 

0.605 

4.17 
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TABLE  III  (Concluded) 

Compressive 


26.7  184.0  23.5  162.0  0.286  1.97 

26.7  184.0  26.7  184.0  1.10  7.60 

24.8  171.0  22.4  154.0  0.293  2.02 

35.3  243.0  34.6  239.0  0.345  2.38 

18.6  128.0  17.0  117.0  0.183  1.26 

17.6  121.0  12.4  85.5  0.111  0.764 

16.7  115.0  12.3  84.8  0.106  0.730 

25.0  172.0  21.1  1*5.0  0.264  1.82 

20.7  143.0  9.68  66.7  0.677  4.67 


1101-1 

31 

S 

36.3 

250.0 

24.0 

166.0 

0.267 

1.84 

S 

24.7 

170.0 

23.9 

165.0 

0.194 

1.34 

T 

14.7 

101.0 

12.9 

88.8 

0.551 

3.80 

T 

18.2 

125.0 

16.9 

116.0 

0.586 

4.04 

1101-2 

31 

S 

28.0 

193.0 

25.3 

174.0 

0.244 

1.68 

S 

12.5 

86.1 

5.58 

38.4 

0.108 

0.748 

T 

16.3 

112.0 

13.1 

90.3 

0.679 

4.68 

T 

13.9 

95.8 

12.9 

88.9 

0.466 

3.21 

1101-3 

31 

S 

27.5 

190.0 

25.5 

176.0 

0.264 

1.82 

T 

18.2 

126.0 

12.5 

86.4 

0.757 

5.22 

1101-4 

31 

S 

24.7 

170.0 

23. 1 

159.0 

0.245 

1.69 

T 

18.1 

125.0 

12.6 

87.2 

0.725 

5.00 

Note:  The  crosshead  speed  in  all  tests  was  0.039  in/min  (0.10  cm/min;  17  um/s). 

a / The  composition  of  these  composites,  as  prepared,  is  as  follows: 

CID-SP:  graphite  fibers  in  a phenolic  resin  matrix. 

CID-100:  M0S2  +■  Sb203  in  a phenolic  resin  matrix. 

CID-101,  201:  M0S2  + Sb203  + graphite  fibers  in  a phenolic  resin  matrix. 

CID-102:  M0S2  + ZnO  in  a phenolic  resin  matrix. 

CID-103:  M0S2  + ZnO  + graphite  fibers  in  a phenolic  resin  matrix. 

CID-111:  M0S2  + Sb203  + teflon  powder  in  a phenolic  resin  matrix. 

CID-1101:  M0S2  + ^203  + glass  fibers  in  a phenolic  resin  matrix. 

WDC-130,  140:  MoSj  + Sb203  in  a polyphenelyene  sulfide  resin  matrix, 

b/  Fiber  content  is  exn' — .cu  in  volume  percent  based  on  initial  ingredients;  the  glass  fibers 
(CID-1101)  and  long  graphite  fibers  (CID-101-L)  were  approximately  1/4  to  3/4  in  (0.006 
to  0.013  m)  long;  the  graphite  fibers  in  all  other  specimens  were  chopped  to  1/8  in. 
(0.003  m)  lengths. 

c/  The  short  (S)  specimens  were  1/8  in.  (0.003  m)  high.  The  tall  (T)  specimens  were  1/2  in. 
(0.013  m)  high. 

d/  These  specimens  were  carbonized  slowly  to  a maximum  temperature  of  752°F  (400°C;  673°K). 
e/  The  uncarbonized  specimens  were  subjected  to  a 2-hr  (7,200  s)  dwell  at  400°F  (204!>C;  477°K) 
while  under  pressure  in  a die. 

t/  WDC-130  and  WDC-140  specimens  were  supplied  by  the  Phillips  Petroleum  Co.;  they  were 
extrusion  molded  at  approximately  525°F  (275°C;  548‘>K). 
g/  Specimen  CID-1101-l  was  not  carbonized;  specimens  CID-1101-2,  -3,  and  -4  were  carbonized 
under  pressure  in  the  forming  die  at  600,  700,  and  800°F  (315,  370,  and  427°C;  588,  643, 
and  700°K),  respectively. 


Size£/ 


Compressive  Strength 
(103  lb/in2)  (MN/m2) 


Yield  Strength 
03  lb/in^)  (MN/m2) 


Elastic  Modulus 
(10°  lb/in2)  (GN/rr 
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Relative  Quantity  of  PTFE  Incorporated  Into  Composites 


Figure  9 - Plot  of  Compressive  Strength  Versus  PTFE  Content  for 
CID-111  Composites.  Values  for  CID-101  are  used 
to  indicate  the  zero  level  of  PTFE. 
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The  strongest  CID-101  individual  specimen  (32,900  psi;  227  MN/m^)  was  un- 
carbonized and  contained  18%  graphite  fibers.  The  strongest  carbonized 
CID-101  individual  specimen  (21,400  psi;  148  MN/m^)  also  contained  187„ 
fibers.  The  fourth  observation  is  that  CID-111-3  specimens,  which  contain 
2%  PTFE,  appear  to  be  the  strongest  of  all  these  composites  which  contain 
both  M0S2  + Sb203  pigment  and  graphite  fiber.  The  maximum  compressive 
strength  for  CID-111,  uncarbonized  is  35,300  psi  (243  MN/m^)  and  for  the 
carbonized  specimens  is  33,800  psi  (212  MN/m^).  The  fifth  observation  is 
that  specimens  prepared  much  earlier  on  the  program  with  a different 
phenolic  resin  appear  to  be  weaker  than  the  newer  specimens  prepared  with 
the  current  type  of  phenolic  resin.  All  of  the  CID-101  specimens  shown 
in  Table  III  (and  Figure  7)  which  contain  7 and  23%  (lx  and  4x)  fibers 
were  prepared  with  tne  older  resin  and  some  of  the  mixing  procedures  may 
have  been  slightly  different.  The  sixth  observation  is  that  there  appears 
to  be  little  effect  on  the  compressive  strength  of  CPR  composites  prepared 
with  glass  fibers,  where  various  degrees  of  carbonization  were  achieved 
while  under  pressure  in  the  forming  die  (see  Figure  10).  The  seventh 
observation  is  that  the  composites  with  the  highest  fiber  content,  SP-1 
(597.)  and  CID-201  (44%)  do  not  exhibit  the  highest  compressive  strength 
especially  in  the  carbonized  condition  (compare  Figures  7 and  11).  All  of 
these  observations  were  based  on  the  data  summarized  in  Table  III. 

Some  compressive  strength  data  has  been  screened  from  various  sources 
for  comparison  of  CPR  properties  with  other  self-lubricating  materials. 

The  comparative  data,  summarized  in  Table  IV,  shows  that  generally  only 
the  metal  matrix  composites,  such  as  Molalloy  103,  104,  and  108  exhibit 
consistently  higher  compressive  strength  than  the  CPR  composites.  Although 
the  property  values  of  Molalloy  compositions  are  excellent  in  many  respects, 
the  high  cost  and  high  specific  gravity  does  limit  their  application  in 
many  areas. 
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RELATIVE  QUANTITY  OF  FIBERS  USED  IN  PREPARING  COMPOSITES 


Figure  11  - Plot  of  Compressive  Strength  Versus  Fiber 
Content  for  Exploratory  Composites 
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TABLE  IV 


COMPRESSIVE  STRENGTH  DATA  FOR  EXPERIMENTAL  AND  COMMERCIAL 
SELF-LUBRICATING  COMPOSITES 


Compressive  Strength 


Fiber 

( 103  lb/ 

(MN/m 

2> 

Composite  Material 

Quantity  CL) 

All  il/ 

_s_-/  Aiik/ 

_S_b/ 

Source^/ 

Carbonized 

CID-101  (3x) 

18 

14.4 

16.9 

99.3 

117 

A 

CID-101  (6x) 

31 

13.8 

15.1 

95.2 

104 

A 

CID-111-3  (6x) 

31 

25.3 

25.3 

174.0 

174 

A 

Uncarbonized 

CID-101  (3x) 

18 

22.8 

26.1 

157.0 

180 

A 

CID-101  (6x) 

31 

19.7 

21.4 

136.0 

148 

A 

CID-111-3  (6x) 

31 

26.2 

26.2 

181.0 

181 

A 

Commercial 

WDC-130 

0 

17.2 

17.2 

119.0 

119 

A 

WDC-140 

0 

22.8 

25.0 

157.0 

172 

A 

Vespel 

SP-21  (15  wt%Gr) 

0 

32.0 

221.0 

B 

SP-22  (40  wt%Gr) 
SP-211  (15  wt%Gr,  10 

0 

18.0 

124.0 

B 

wt%PTFE) 

0 

18.0 

124.0 

B 

SP-31  (15  wt’4MoS2) 

0 

- 

B 

Molalloy 

PM- 101 

0 

11.0 

75.8 

C 

PM- 103 

0 

109.0 

752.0 

C 

PM- 104 

0 

88.0 

607.0 

C 

PM- 105 

0 

28.0 

193.0 

C 

PM- 108 

0 

65.0 

448.0 

C 

a/  Source:  A - this  report;  B - Du  Pont  Company  technical  bulletins;  and 

C - Pure  Carbon  Company  technical  data  sheets, 
b/  All,  refers  to  an  average  of  results  from  both  short  and  tall  specimens; 
S,  refers  to  an  average  of  values  from  only  the  short  specimens. 


III. 


TRIBOLOGICAL  EVALUATION  OF  SELF-LUBRICATING  COMPOSITES 


The  tribological  properties  (friction,  wear,  and  lubrication)  of  the 
self-lubricating  composites  developed  on  this  program  have  been  determined 
under  a variety  of  test  conditions.  Two  types  of  test  devices  have  been 
used  with  loads  ranging  from  1,500  to  27,450  psi  (10.3  to  189.3  MN/m2) , 
speeds  from  0.25  to  36  fpm  (0. 0012  to  0. 183  m/s),  and  temperatures  from 
100  to  600°F  (311  to  588°K).  These  test  devices  and  the  specimen  configur- 
ations are  described  briefly  under  separate  headings,  followed  by  a presen- 
tation of  the  corresponding  data  under  compositional  headings. 

A.  Test  Equipment 

Screening  data  have  been  obtained  in  oscillatory  sliding  tests  with 
flat  specimens  in  full  contact  with  a flat  steel  plate.  The  final  evalua- 
tion data  have  been  obtained  on  oscillatory  journal  tests  with  cylindrical 
sleeve  specimens  in  contact  with  cylindrical  steel  shafts. 

1.  The  oscillatory  slider  test  device  is  shown  photographically  in 
Figure  12.  A schematic  of  the  specimen  configuration  is  shown  in  Figure  13. 
The  composite  specimen  is  cemented  onto  the  wear  block  and  ground  flat  to 
mate  with  the  flat  steel  wear  plate.  The  wear  plate  is  attached  to  a 
holder  which  is  mounted  on  a flat,  linear  roller  bearing  assembly  and  con- 
strained to  sliding  along  a line  by  needle  bearings.  An  eccentrically 
mounted  shaft  drives  the  wear  plate  in  flat,  oscillatory  motion.  The 
length  of  stroke  can  be  adjusted  by  the  eccentric  mounting  position. 

Stroke  lengths  of  1.0  and  4.0  in.  (0,025  and  0.10  m)  have  been  used  in 
these  experiments.  Loads  as  high  as  1,500  lb  (6,675  N)  may  be  applied 
through  a dead  weight  loading  system.  The  load  per  unit  test  area  is  ad- 
justed both  by  modifying  the  dead  weight  load  and  by  the  test  specimen 
size.  The  specimen  sizes  (contact  area)  used  in  experiments  on  this  pro- 
gram include  0.5  x 1.0  in.  (0.0127  x 0.0254  m)  0.25  x 0.5  in.  (0.0063 

x 0.0127  m) , 0.25  x 0.25  in.  (0.0063  x 0.0063  m),  and  0.25  in.  diameter 
(0.0063  m). 

2.  The  oscillatory  journal  test  device  is  shown  photographically  in 
Figure  14.  A schematic  of  the  test  configuration  is  shown  in  Figure  15. 

The  composite  specimen  is  either  molded  as  a journal  liner  or  machined 
and  press-fit  as  a liner  in  the  ball  portion  of  a self-aligning  bearing. 
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Figure  12  - Photograph  of  Oscillatory  Slider  Friction  and  Wear  Machine 


LOAD 


Figure  13  - Test  Specimen  Configuration  for  the  Oscillatory 
Slider  Friction  and  Wear  Machine 


A 
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Figure  14  - Photograph  of  Oscillatory  Journal  Bearing  Tester 


TEMPERATURE  T(2) 


TEMPERATURE  T(|> 


COMPOSITE  MATERIAL 


Schematic  of  Test  Configuration  Used 
Oscillatory  Journal  Tests 


; hi  composite  Liner  is  tested  against  a stationary  dowel-pin  shaft.  The 
test  bearing  is  mounted  in  a cylindrical  housing  (5.7  in.  diameter;  0.145  m) 
and  keyed  in  place,  after  assembly.  The  load  is  applied  to  the  cylindrical 
lions ing  through  a matching  cylinder  which  is  attached  to  a loading  arm. 

The  load  is  generated  by  tightening  a nut-bolt  assembly  which  includes  a 
stack  of  belville  (spring)  washers.  The  cylindrical  housing  which  contains 
the  composite  liner  is  driven  in  a + 15  degree  arc  by  an  eccentrically 
mounted  shaft.  Heaters  are  mounted  in  the  test  bearing  assembly  and  the 
temperature  is  monitored  by  thermocouples  in  contact  with  the  composite 
housing.  Loads  as  high  as  10,000  lb  (44,500  N)  may  be  applied;  the  load 
is  monitored  with  a force  gage.  Unit  loads  listed  in  this  report  for  com- 
posites developed  on  this  program  are  calculated  on  a projected  area  basis 
(shaft  diameter  times  the  bearing  length).  Unit  loads  of  2,000  to  12,000 
psi  (13.8  to  82.74  MN/m^)  have  been  used  in  evaluating  composites  at  temp- 
eratures up  to  600°F  (588°K)  and  oscillatory  speeds  of  100  cpm  (1.67  cps) 
which  corresponds  to  average  linear  speeds  of  2.18  fpm  (0.011  m/s).  Simi- 
lar tests  have  been  planned  at  unit  loads  up  to  40,000  psi  (274  MN/m^)  at 
11  cpm  (0.184  cps).  However,  alignment  and  shaft  deflection  problems  and 
limitations  in  compressive  strength  of  the  composites  have  limited  the 
test  program  to  loads  of  8,000  psi  (55.16  MN/m^)  at  the  low  speed  of  11  cps 
(0. 184  cps) . 


B . Test  Data  for  Self-Lubr icat ing  Composites 

Self- lubricating  composites  of  several  compositions  have  been  subject 
to  friction  and  wear  tests.  Phenolic  resin  has  been  used  as  the  matrix  in 
all  but  one  of  the  compositions,  for  which  polyphenylene  sulfide  (PPS)  resin 
was  used.  The  variations  in  composition  include  fiber  content  (up  to  59%) 
and  synergistic  additives  (Sb203»  ZnO,  and  PTFE)  in  combination  with  the 
primary  pigment,  M0S2.  Processing  parameters  such  as  carbonizing  temper- 
ature, molding  pressure,  and  method  of  forming  the  journal  liners  are  addi- 
tional variables  that  enter  into  the  data  presentation.  These  are  all 
grouped  for  discussion  under  compositional  headings;  the  first  group  deals 
with  ordinary  screening  test  results  and  the  second  group  with  special 
screening  test  results  and  the  third  group  with  oscillatory  journal  test 
results. 

1.  Ordinary  screening  test  results  have  been  obtained  in  oscillatory 
eliding  of  flat  specimens  cemented  in  place  and  sliding  on  flat  mating  sur- 
faces for  four  basic  compositions.  Variations  within  each  composition 
relate  primarily  to  fiber  content  and  to  synergistic  additives. 

a.  CID-101  composites  consist  of  M0S2  + Sb2C>3  + graphite  fibers 
in  carbonized  phenolic  resin  matrix.  Data  from  CID-101  (3x)  specimens  con- 
taining 18.6%  graphite  fibers  in  flat,  oscillatory  sliding  tests  are  shown 
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in  Table  V.  Two  of  the  test  specimens  were  carbonized  at  400°C  (673°K) 
and  one  at  550°C  (823°K).  The  wear  factors  remained  consistently  low  at 
loads  of  1,500  and  3,000  psi  (10.3  and  20.7  MN/m2).  A noticeable  increase 
in  wear  factor  occurred  at  6,000  psi  (41.4  MN/m2)  and  the  specimens  failed 
at  double  that  unit  load.  A plot  of  wear  factor  versus  load  is  shown  in 
Figure  16. 

CID-101  (6x)  specimens  containing  31.3%  graphite  fibers  performed 
better  than  those  with  only  18.6%  fibers.  The  data  for  these  6x  specimens 
carbonized  at  either  400  or  550°C  (673  or  823°K)  are  summarized  in  Table  VI. 
The  wear  factors  are  very  similar  to  those  of  the  3x  samples  at  loads  as 
high  as  6,000  psi  (41.4  MN/m2).  However,  the  6x  specimen  that  was  carbon- 
ized at  400°C  did  complete  both  tests  at  12,000  psi  (82.7  MN/m2)  although 
the  wear  factor  was  very  high  in  the  low  speed  test.  Failure  occurred 
quickly  when  the  load  was  increased  to  16,800  psi  (115.8  MN/m2).  These 
wear  factors  are  plotted  versus  load  in  Figure  17.  The  specimen  that  was 
carbonized  at  550°C  failed  quickly  in  the  high-load,  low-speed  test.  Com- 
parative data  for  an  uncarbonized  specimen  of  CID-101  (6x)  are  shown  in 
Table  VII  and  Figure  17.  That  the  uncarbonized  specimen  completed  all  the 
tests  and  exhibited  reasonable  wear  rates  indicates  that  at  room  temperature 
the  fiber  reinforcement  may  be  more  effective  at  some  test  levels  than  the 
carbonizing  process.  Photographs  of  some  specimens  used  in  the  light- load 
tests  are  shown  in  Figure  18  and  some  used  in  the  high-load  tests  are  shown 
in  Figure  19. 

Screening  tests  were  also  conducted  with  CID-101  (8x)  specimens 
which  contain  37.87,  graphite  fibers.  These  data  are  summarized  in  Table  VIII 
for  specimens  carbonized  at  400°C  and  for  specimens  that  were  not  carbon- 
ized. The  carbonized  specimens  exhibited  the  lowest  and  most  consistent 
wear  rates  of  any  carbonized  CID-101  specimens  at  loads  of  6,000  and 
12,000  psi  (41.4  and  82.7  MN/m2).  The  uncarbonized  specimen  failed  quickly 
at  the  high  load.  A plot  of  the  wear  factor  versus  load  is  shown  in 
Figure  20  for  these  8x  specimens;  a carbonized  test  specimen  is  shown  in 
Figure  21. 

b.  CID-103  composites  are  prepared  as  mixtures  of  M0S2,  ZnO,* 
and  graphite  fibers  in  a phenolic  resin  matrix.  Screening  friction  and 
wear  tests  have  been  conducted  with  carbonized  specimens  containing  18.67, 
graphite  fibers  and  with  uncarbonized  specimens  containing  31.3%  fibers. 

* Zinc  oxide  (ZnO)  was  selected  as  an  additive  to  these  composites  because 
of  previous  studies  (Ref.  15)  in  which  ZnO  was  found  to  be  an  effective 
synergistic  additive  to  resin  bonded  M0S2  films.  Furthermore,  the 
melting  point  of  ZnO  is  listed  in  handbooks  to  be  over  1900°C  (2173°K) 
whereas  the  melting  point  of  Sb203  is  listed  at  656°C  (929°K);  this 
fact  was  considered  to  be  important  if  the  carbonizing  temperature  was 
extended  to  values  near  or  above  the  melting  point  of  Sb^O^. 
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FRICTION  AND  WEAR  OF  CARBONIZED  CID-101  13x)  COMPOSITE  SPECIMENS  IN  OSCILLATORY  SLIDER  TESTS 
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Note:  CID-101,  -61,  -69  and  -75  contain  18.6  (vol.)  graphite  fibers  + M0S2  + Sb203  in  a phenolic  resin  matrix, 

a/  Data  for  this  specimen  were  reported  earlier;  see  Ref.  15,  Part  IV. 

b/  Test  was  terminated  early  because  specimen  crushed;  wear  measurements  are  not  meaningful. 


WEAR  FACTOR  (W8  In./Ft.) 


FRICTION  AND  WEAR  OF  CARBONIZED  CID-I01  (6x)  COMPOSITES  IN  OSCILLATORY  SLIDER  TESTS 


WEAR  FACTOR  ( 10'8  In./Ft.) 
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figure  17  Bar  Graph  Showing  Wear  Factor  Versus  Load  Tor  CID-101  (hx) 
Composites  In  Slider  Tests 
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Figure  21  - Photograph  of  CID-101  (8X)  Test  Specimen, 
Enlarged  View  of  Figure  19A 


Figure  22  - Photograph  of  CID-111-3  (6X)  Test  Specimen, 
Enlarged  View  of  Figure  19B 
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Data  for  the  carbonized  specimens  with  18.67.,  fibers  are  summar- 
ized in  Table  IX.  Consistently  low  wear  rates  were  measured  for  loads  of 
1,500  and  3,000  psi  (10.3  and  20.7  MN/m2) . However,  the  specimen  failed 
in  less  than  an  hour  at  a load  of  6,000  psi  (41.4  MN/m2). 

Data  for  both  the  uncarbonized  and  carbonized  specimens  with  31.3% 
fibers  are  summarized  in  Table  X.  The  uncarbonized  specimens  (see  figure  19) 
functioned  satisfactorily  at  the  two  high  loads  of  6,000  and  12,000  psi 
(41.4  and  82.7  MN/m2).  The  carbonized  specimen  failed  after  2 hr  (7.2  ks) 
at  the  high-load,  low-speed  conditions.  These  wear  factors  are  slightly 
higher  than  for  corresponding  specimens  of  the  CID-101  composition. 

c.  CID-111  composites  are  prepared  as  mixtures  of  MoS2,  Sb202, 
PTFE  and  graphite  fibers  in  a phenolic  resin  matrix.  Screening  friction 
and  wear  tests  have  been  conducted  on  specimens  containing  three  different 
quantities  of  PTFE,.  each  with  approximately  30%  fibers. 

Data  are  summarized  in  Table  XI  for  specimens  containing  2%  PTFE. 
The  lowest  wear  and  friction  coefficients  were  measured  for  the  uncarbon- 
ized specimen  which  satisfactorily  completed  the  12,000  psi  (82.7  MN/m2) 
tests  but  failed  after  4 hr  (14.9  ks)  at  15,000  psi  (103.4  MN/m2)  at  the 
slow  speed.  The  wear  for  specimens  carbonized  at  400°C  (673°K)  shown  in 
Figure  22,  were  within  a factor  of  two  of  the  values  for  the  uncarbonized 
specimen.  The  specimens  that  were  carbonized  at  320°C,  however,  failed 
during  the  high-load,  high-speed  test  (627,  complete).  The  wear  factors  are 
shown  graphically  as  a function  of  load  in  Figure  23. 

Screening  friction  and  wear  data  for  CID-111  composites  which 
contained  4%  PTFE  and  were  carbonized  at  320°C  (593°K)  are  summarized  in 
Table  XII.  These  specimens  exhibited  consistently  low  wear  and  friction 
coefficients  in  tests  conducted  at  both  speeds  and  at  loads  of  6,000  and 
9,600  psi  (41.4  and  66.2  MN/m2).  At  the  high  load  of  12,000  psi  (82.7 
MN/m2)  this  specimen  exhibited  low  friction  and  wear  at  the  low  speed,  but 
failed  quickly  at  the  high  speed. 

Screening  data  for  CID-111  composites  containing  7.7%  PTFE  and 
carbonized  at  320°C  (593°K)  are  shown  in  Table  XIII.  The  wear  factors  are 
particularly  low  for  these  specimens  at  loads  of  1,500  and  3,000  psi 
(10.3  and  20.7  MN/m2)  and  the  three  speeds  employed. 


* Polytetraf luroethy lcne  (PTFE)  was  selected  as  an  additive  primarily  to 
utilize  its  low  shear  strength  and  flow  characteristics  to  reduce  the 
friction  in  stop-start  conditions  at  the  ends  of  oscillatory  sliding. 
The  formulations  were  designed  to  find  the  minimum  amount  of  PTFE 
which  would  provide  the  desired  lubrication  characteristics  so  as  to 
minimize  the  anticipated  degradation  in  structural  properties. 
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TABLE  IX 


Note:  CID-103  (6x)  specimens  contain  31.37,  (vol.)  graphite  fibers  + M0S2  + ZnO  in  a phenolic  resin  matrix. 

Test  Sample  Size:  0.50  x 0.25  in.  (0.0127  x 0.00635  m).  Stroke  length:  1.0  in.  (0.0254  m) . 
a/  Test  was  terminated  early  because  specimen  crushed;  wear  measurements  are  not  meaningful. 


FRICTION  AND  WEAR  OF  CID-111-3  (6x)  COMPOSITES  IN  OSCILLATORY  SLIDER  TESTS 
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Similarly  the  wear  factors  are  low  at  both  speeds  used  in  the  9,600  psi 
(66.2  MN/m^)  tests  and  in  the  high  speed  test  at  6,000  psi  (41.4  MN/m^). 

The  wear  factor  for  the  latter  load  at  low  speed  was  more  than  four  times 
as  great  as  at  the  higher  speed  and  represents  the  highest  wear  factor 
recorded  for  any  of  the  CID-111  composites.  The  wear  factor  dependence  on 
speed  seems  to  be  typical  of  the  carbonized  phenolic  resin  composites  at 
the  higher  loads.  This  CID-111  composite  failed  quickly  at  the  high  load 
of  12,000  psi  (82.7  MN/m^).  Comparative  data  for  an  uncarbonized  specimen 
of  CID-111  containing  7 . 7%  PTFE  are  shown  in  Table  XIV.  The  wear  factors 
of  the  uncarbonized  specimen  tend  to  be  higher  at  all  test  conditions  than 
those  of  the  carbonized  specimen. 

d.  CID-661  composites  were  prepared  with  Mo32  and  ZnO  powders 
and  chopped  graphite  fibers  dispersed  in  a polyphenylene  sulfide  resin 
matrix.  Screening  friction  and  wear  data  for  an  uncarbonized  specimen  are 
shown  in  Table  XV.  The  wear  factors  are  quite  high  for  both  speeds  at 
6,000  psi  (41.4  MN/m^).  This  specimen  failed  at  double  that  load  after 
completing  only  13%  of  the  scheduled  test.  A specimen  of  this  composition 
was  carbonized  at  550°C  (823°K)  and  scheduled  for  screening  friction  and 
wear  tests.  However,  the  material  was  so  soft  and  weak  that  a suitable 
test  specimen  could  not  be  prepared.  A commercial  specimen  consisting  of 
M0S2  + Sb203  +•  PTFE  in  a PPS  matrix,  which  is  labeled  PPS-40  in  this  report, 
sustained  a load  of  15,000  psi  (103.4  MN/m^)  at  the  low  speed  for  18  min 
(1.1  ks)  before  crushing. 

e.  CID-1101  composites  incorporate  chopped  glass  fiber  and  powders 
of  M0S2  and  Sb203  in  a phenolic  resin  matrix.  Screening  friction  and  wear 
data  of  four  such  specimens  are  shown  in  Table  XVI.  Specimen  -1  of  this 
composition  was  uncarbonized  and  survived  7 hr  (25.6  ks)  in  oscillatory 
slider  tests  at  15,000  psi  (103.4  MN/m^)  and  3 fpm  (0.015  m/s),  although 

the  wear  factor  was  high.  Two  specimens  which  were  carbonized  while  under 
pressure  in  the  die  failed  quickly  at  the  high  test  load.  Also  shown  in 
Table  XVI  are  data  for  a fourth  specimen,  carbonized  at  800°F  (700°K) 
while  under  pressure  in  a die,  which  failed  in  14.5  hr  (52.6  ks)  of  oscil- 
latory sliding  at  6,000  psi  (41.4  MN/m^). 

f.  Various  exploratory  composites  which  incorporate  graphite 
fibers  plus  other  additives  in  phenolic  resin  matrices  have  been  tested. 

Screening  friction  and  wear  data  have  been  obtained  on  the  oscil- 
latory slider  test  rig  with  specimens  containing  the  highest  concentration 
of  fibers  prepared  to  date  in  the  uncarbonized  form.  Screening  friction 
data  shown  in  Table  XVII  were  obtained  with  samples  of  specimen  CID- 201-1 
which  contains  44.4%  graphite  fibers  and  Sp-1  which  contains  59.1%  graphite 
fibers.  As  shown  in  Table  XVII,  the  un-arbonized  samples  performed  well  at 
6,000  psi  (41.4  MN/m^),  but  failed  quickly  at  12,000  psi  (82.7  MN/m^). 
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TABLE  XV 
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Data  from  similar  tests  with  carbonized  portions  of  five  speci- 
mens are  shown  in  Table  XVIII.  The  carbonized  CID-201  sample  completed 
the  test  at  6,000  psi  (41.4  MN/m^) , but  failed  quickly  at  12,000  psi 
(82.7  MN/m-).  The  wear  factor  at  the  lower  load  is  more  than  four  times 
the  value  shown  in  Table  XVIII  for  an  uncarbonized  portion  of  the  same 
specimen.  The  carbonized  specimen  of  Sp-1  failed  quickly  at  15,000  psi 
(103.4  MN/m^).  Also  shown  in  Table  XVIII  are  data  for  two  CID-101-L  speci- 
mens which  contain  longer  graphite  fibers  (0.75  in.;  0.019  m)  and  were  car- 
bonized at  315°C  (588°K)  while  still  under  pressure  in  the  die.  One  of 
three  specimens  run  at  6,000  psi  (41.4  MN/m^)  completed  the  scheduled  test 
and  the  wear  factor  was  comparatively  high.  The  one  specimen  failed  quickly 
when  tested  at  12,000  psi  (82.7  MN/m^) . One  carbonized  specimen  of  CID- 
121-1,  which  contains  BCM  and  graphite  powders  plus  187o  graphite  fibers  in 
a phenolic  resin  matrix,  failed  quickly  when  tested  at  15,000  psi  (82.7 
MN/m^) . 

2.  Special  screening  test  results  have  been  obtained  in  oscillatory 
sliding  of  constrained  specimens  in  a flat-on-flat  configuration.  The 
specimens,  shown  in  Figures  24  and  25,  were  compressed  in  steel  cylinders 
during  the  polymerization  cycle.  Subsequently,  the  steel  sleeve  was 
machined  back  a short  distance  from  one  face  and  the  extruding  composite 
was  tapered  at  45  degrees  to  a 1/4  in.  diameter  (0,00635  m)  flat  end  face. 
The  tapered  structure  at  the  edge  of  the  composite  sliding  interface  would 
likely  reduce  errosion  of  the  contact  area  by  fracture  (or  chipping)  during 
a test.  Furthermore,  residual  radial  compressive  loads  from  the  steel 
sleeve  might  be  influencial  in  reducing  wear  of  the  composite.  Three  com- 
posite specimens  were  subjected  to  these  special  screening  tests  as  shown 
in  Table  XIX.  One  specimen,  which  contained  glass  fiber  in  place  of  the 
graphite  fiber,  failed  at  the  lowest  load  used  in  this  test  series  and  is 
not  discussed  further.  The  other  two  specimens  sustained  much  higher  loads 
and  are  discussed  under  separate  subheadings. 

a.  CID-111-6  composite  specimens  contain  M0S2  + Sb203  + PTFE 
+ graphite  fibers  in  a phenolic  resin  matrix.  The  oscillatory  sliding  data 
for  these  sheathed,  tapered,  uncarbonized  specimens  are  summarized  in 
Table  XIX.  Consistently  low  wear  was  observed  in  3 to  4 hr  (10.8  to  14.4 
ks)  tests  at  loads  from  12,000  to  24,000  psi  (82.7  to  165.5  MN/m^)  and  a 
speed  of  3 fpm  (0.015  m/s).  The  wear  factor,  shown  graphically  in  Fig- 
ure 26,  increased  by  a factor  of  2-1/2  at  27,450  psi  (189.3  MN/m’),  which 
is  the  highest  load  capacity  of  the  test  device  (for  the  contact  area  of 
these  specimens).  The  average  friction  coefficient  in  these  tests  ranged 
from  0.06  at  the  low  load  to  0.04  at  the  higher  loads.  No  evidence  of 
cracking,  chipping  or  fracture  was  found  in  examining  the  specimen  after 
the  test. 
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Figure  24  - Photograph  of  Tapered  Specimens,  CID-101-91  and  CID-111-6 
After  Being  Tested  on  the  Oscillatory  Slider  at  27,450  psi  (189.3 
MN/m^)  and  3 fpm  (0.015  m/s) 


Figure  25  - Photograph  of  Portions  of  the  CID-111-6  Composite  Slug 
Showing:  (1)  On  the  Left,  the  Steel  Cylindrical  Housing  Partially 
Pressed  Out  of  the  Composite  in  Which  it  was  Formed  and  (2)  On  the 
Right,  a Journal  Bearing  Housing  Filled  with  the  Composite  and  Not 
Yet  Completely  Removed  From  the  Composite  Slug  in  Which  it  was 
Formed 
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OSCILLATORY  SLIDER  FRICTION  AND  WEAR  DATA  FOR  TAPERED  COMPOSITE  SPECIMENS  TORMED  IN  STEEL  SLEEVES 
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LOAD  (PSI) 


Figure  26  - Bar  Graph  Showing  Wear  Factor  Versus  Load  for 
Uncarbonized  CID-111  (6x)  and  CID-101  (6x)  Composites 
Which  Were  Machined  With  a 45  Degree  Taper  at  the  Edge 
of  the  Test  Surface  to  the  Constraining,  Cylindrical 
Steel  Wall 


b.  CID-101-91  composite  specimens  contain  M0S2  + Sb203  + graphite 
fibers  in  a phenolic  resin  matrix.  The  data  obtained  in  oscillatory  slider 
tests  with  these  sheathed,  tapered,  uncarbonized  specimens  are  also  summari- 
ized  in  Table  XIX.  The  same  load  and  speed  conditions  were  used  as  with 
the  CID-111-6  specimen  discussed  above.  The  wear  factor  (see  Figure  26)  is 
lowest  at  an  intermediate  load  (nearly  equal  to  the  value  for  CID-111-6) 
and  greatest  at  the  highest  load  (nearly  157°  lower  than  the  value  for  CID- 
111-6).  At  all  other  loads,  the  wear  factor  was  intermediate  (nearly  twice 
the  value  for  CID-111-6).  The  friction  coefficient  ranged  from  0.08  at  the 
light  loads  to  0.04  at  the  highest  loads.  Examination  of  the  specimen 
after  the  last  test  revealed  no  evidence  of  cracking,  chipping,  or  fracture. 

A continuous,  highly  polished  transfer  film  was  formed  on  the  wear  plate. 

3.  Oscillatory  journal  test  results  have  been  obtained  in  both  high- 
speed, accelerated  tests  and  in  low-spe^d  conditions  simulating  aircraft 
bearing  applications.  The  accelerated  test  data  have  been  obtained  for 
two  CID-101  compositions  which  differed  only  in  graphite  fiber  content; 
the  first  having  18.6%  fibers  and  the  second  having  31.37.  fibers.  The 
acceleration  is  in  increased  speed  and  reduced  load  which  yield  tlu  oe^i- 
fic  PV  value  of  interest. 

The  accelerated  oscillatory  journal  bearing  data  for  CID-101  composites 
containing  18.6%  fibers  are  summarized  in  Table  XX  and  shown  graphically  in 
Figure  27.  At  loads  of  2,000  psi  (13.8  MN/m^)  the  wear  factors  are  nearly 
equal  at  room  temperature  and  600°F  (588 °K) ; at  400°F  (477°K),  the  wear 
factor  is  about  half  the  value  at  the  other  temperatures.  Similarly  in 
tests  where  the  load  was  doubled,  the  low  wear  factor  occurred  at  the 
middle  temperature  and  the  high  value  occurred  at  room  temperature.  The 
average  wear  factor  at  the  high  load  is  more  than  twice  the  value  at  the 
low  load.  Although  the  specimens  satisfactorily  completed  this  test  series, 
the  specific  radial  wear  at  the  high-load,  low-temperature  condition  is  at 
80%  of  the  maximum  value  proposed  for  such  an  application.  Specimens  of 
this  composition  will  probably  not  perform  satisfactorily  at  the  higher 
load,  lower  speed  required  in  specific  proposed  applications. 

The  oscillatory  journal  bearing  data  for  CID-101  composites  containing 
31.37.  fibers  are  summarized  in  Table  XXI.  These  specimens  satisfactorily 
completed  tests  at  100,  400,  and  600°F  (311,  477,  and  588°K)  at  each  of  five 
loads  ranging  from  2,000  to  10,000  psi  (13.8  to  68.9  MN/m2).  The  average 
radial  wear  in  most  tests  was  less  than  1.0  pin/ft  of  sliding  (8.3  x 1 O'® 
m/m).  A single,  room-temperature  test  at  12,000  psi  (82.7  MN/m^)  resulted 
in  rapid  failure  of  the  composite  bearing.  The  wear  factor  is  depicted 
graphically  as  a function  of  load  in  Figure  28.  This  composite  bearing 
material  with  31.3%  fibers  has  successfully  completed  the  accelerated  test 
program  for  oscillatory  journal  bearings.  The  high  load  of  10,000  psi 
(69  MN/m^)  and  average  speed  of  2.18  fpm  (0.011  m/s)  results  in  a PV  value 
slightly  greater  than  the  proposed  value  of  20,000  Ib-ft/in^-min  (0.70  MNm/m^s). 
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WEAR  FACTOR  (10  ^ In.  Radial  Wear  Per  Ft  Travel) 


LOAD  (PSI) 


□ 

□ 

□ 


100°F  (311°K) 
400°F  (477°K) 
600°F  (588°K) 


Figure  27  - Bar  Graph  Showing  Wear  Factor  Versus  Load  for  CID-101  (3x) 
Composites  in  Accelerated  Oscillatory  Journal  Tests 
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Specimens  carbonized  at  400°C. 

Test  Conditions:  Test  device  - Oscillatory  journal  (+  15  degrees,  60  degrees  travel  per  cycle). 

Journal  diameter  - 0.500  in.  (0.0127  m). 

Speed  - 100  cpm  (1.67  cps);  2.18  fpm  (0.0111  m/s). 

a/  Test  yas  terminated  early  because  specimen  crushed  during  the  test;  wear  measurements  are  not  meaningful. 


WEAR  FACTOR 


0 L- 


HL 


2000 


4000 


6000 

LOAD  (PSI) 


8000  10,000 


Figure  28  - Bar  Graph  Showing  Wear  Factor  Versus  Load  for  CID-101  (6x) 
Composites  in  Accelerated,  Oscillatory  Journal  Tests 
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The  low-speed  oscillatory  journal  bearing  data  have  been  obtained  for 
two  types  of  composites.  One  of  the  composites  is  the  same  as  was  investi- 
gated in  the  accelerated  tests  discussed  above  (CID-101  with  18.67<>  fibers 
(3x)).  The  second  composite,  CID-111,  contained  3170  fibers  and  27,  PTFE 
powder.  The  data  for  a carbonized  specimen  of  the  CID-101  (3x)  composite 
are  shown  in  Table  XXII  and  in  Figure  29.  This  specimen  withstood  loads 
up  to  8,000  psi  (55.16  MN/m  ) in  room  temperature  tests.  The  wear  factor 
was  low  and  each  of  the  three  lower  loads  and  then  increased  significantly 
at  the  last  load.  Examination  of  the  bearing  after  the  last  test  revealed 
that  excessive  wear  had  occurred  at  one  edge,  indicating  a misalignment  of 
load.  However,  an  average  wear  measurement  was  made  and  further  testing 
of  this  composite  was  terminated. 

The  low-speed  oscillatory  journal  bearing  test  data  for  an  uncarbo- 
nized specimen  of  the  CID-111  (6x)  composite  are  also  summarized  in  Table 
XXII  and  in  Figure  29.  Low  wear  was  measured  at  a load  of  6,000  psi  (41.37 
MN/m^) . However,  at  a load  of  8,000  psi  (55.16  MN/m^)  the  specimen  crushed 
in  less  than  2 hr  of  testing  at  room  temperature.  Again,  the  load  appeared 
to  be  misaligned  on  the  test  bearing.  Repeated  efforts  to  alleviate  this 
problem  on  other  test  bearings  were  unsuccessful  with  this  test  device. 
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LOW-SPEED  OSCILLATORY  JOURNAL  BEARING  TEST  RESULTS  FOR  CID-101  (3x)  AND  CID-I11  (6x)  COMPOSITES 


IV. 

DISCUSSION  OF  EXPERIMENTAL  RESULTS 

The  data  presented  in  this  report  represent  laboratory  evaluation  of 
several  formulations  of  sel f- lubricat ing  composites  which  utilize  CPR 
matrices.  The  test  conditions  of  load  and  speed  used  in  evaluation  of 
these  CPR  composites  are  summarized  in  Table  XXIII.  Also  presented  in  the 
table  are  the  PV  values,  the  products  of  pressure  (load)  and  velocity 
(speed),  (PV)  which  represent  the  relative  rate  of  frictional  energy  input 
per  unit  area  for  a given  friction  coefficient. 

A wear  factor,  K , has  already  been  presented  for  most  of  the  experi- 
mental results  generated  on  this  program.  The  factor  K represents  the 
radial  wear  of  a journal  or  the  linear  thickness  wear  of  a flat  specimen 
per  unit  length  of  travel. 


jr  _ Ar  _ in.  (m)  of  wear 
TV  ft  (m)  of  travel 

where  Ar  = radial  wear  (or  linear  thickness  wear),  in.  (m) 
T = time,  min  (s) 

V = velocity,  ft/min  (m/s) 


This  factor  should  prove  to  be  useful  to  the  design  engineer  in  estimating 
the  useful  life  of  a composite  bearing,  or  in  selecting  the  conditions 
under  which  composite  bearings  will  be  useful. 

Other  wear  factors  can  be  used  in  presenting  and  analyzing  tribologi- 
cal data,  especially  when  making  comparisons  with  other  published  data. 
Lancaster  (Ref.  19)  has  discussed  various  presentations  in  some  detail. 

The  specific  wear  factor  (or  wear  rate) , Ks  , is  the  constant  of  propor- 
tionality between  the  wear  volume  and  the  product  of  load  and  distance. 


where,  in  SI  units: 


K = — 
s Wd 


v = wear  volume  (nr) 

W = load  (Newton) 
d = sliding  distance  (m) 


(2) 


JL 
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TABLE  XXIII 


PV  VALUES  FOR  VARIOUS  TEST  CONDITIONS 


A.  Oscillatory  Slider  Tests  (English  Units) 


Load 

PV 

1 lb-ft  ■ 
' in^-min  ) 

) at  Various  Speeds 

(psQ 

Speed  i 

(fpm): 

3 

9 

12 

24 

36 

1,500 

. 

18,000 

36,000 

54,000 

3,000 

- 

- 

3b, 000 

72,000 

108,000 

6,000 

18,000 

54,000 

- 

- 

- 

9,600 

28,000 

86,400 

- 

- 

- 

12,000 

36,000 

108,000 

- 

- 

- 

15,000 

45,000 

- 

- 

- 

- 

18,000 

54,000 

- 

- 

- 

- 

21,000 

63,000 

- 

- 

- 

- 

24,000 

72,000 

- 

- 

- 

- 

27,450 

82,350 

- 

- 

- 

- 

B.  Oscillatory  Slider  Tests  (SI  Units) 


Load 

PV 

( ) 
' mz- sec  / 

at  Various 

Speeds 

(MN/ m^) 

Speed 

(m/s) : 

0.015 

0.046 

0.061 

0.122 

0. 183 

10.3 

. 

_ 

0.63 

1.26 

1.89 

20.7 

- 

- 

1.26 

2.52 

3.78 

41.4 

0.63 

1.89 

- 

- 

- 

66.2 

1.01 

3.03 

- 

- 

- 

82.7 

1.26 

3.78 

- 

- 

- 

103.4 

1.58 

- 

- 

- 

- 

124.1 

1.89 

- 

- 

- 

- 

144.8 

2.21 

- 

- 

- 

- 

165.5 

2.52 

- 

- 

- 

- 

189.3 

2.88 

- 

- 

- 

- 
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TABLE  XXIII  (Concluded) 


C.  Oscillatory  Journal  Tests  (English  Units) 


Load 

PV 

\ inz-min 

at  Various  Speeds 

(psi) 

Speed 

fPn>) : 0.25 

2.18 

2,000 

500 

4,360 

4,000 

1,000 

8,7  20 

6,000 

1,500 

13,080 

8,000 

2,000 

17,440 

10,000 

2,500 

21,800 

12,000 

3,000 

26,160 

D.  Oscillatory  Journal  Tests  (SI  Units) 


Load 

/ MNm  \ 

pv  ) 

\m  -sec/ 

at  Various  Speeds 

(MN/tn2) 

Speed 

(m/s) 

0.00122 

0.0111 

13.79 

0.0168 

0.153 

27.58 

0.0336 

0.306 

41.37 

0.0505 

0.459 

55.16 

0.0673 

0.612 

68.95 

0.0841 

0.765 

82.74 

0.1009 

0.918 
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In  cases  where  a linear  wear  factor,  , is  of  most  concern,  as  in 

journal-bearing  applications,  one  can  utilize  the  approximation  that 


v = rA 


(2) 


where  r = radial  wear  (m) 

2 

A = projected  area  of  contact  (m  ) 


Upon  substitution  for  v and  using  the  product  of  velocity,  V (m/s)  , 
and  time,  t (s)  , for  distance: 


K = = — (3) 

W/A  • Vt  PVt 


The  wear  factor  that  has  been  presented  and  discussed  earlier  in  the 
report  for  the  data  generated  on  this  program  is  the  linear  wear  factor, 

K , which  represents  the  simple  relationship  of  linear  wear  per  distance 
traveled.  However,  the  other  two  wear  factors,  and  Ks  have  been 

calculated  for  comparison  purposes  using  representative  oscillatory-slider 
data,  as  shown  in  Table  XXIV,  and  oscillatory  journal  data  as  shown  in 
Table  XXV.  Also  presented  in  those  tables  are  typical  wear  factors  found 
in  the  literature  for  some  materials.  Interesting  comparisons  can  be 
made  of  the  wear  factors  of  other  materials  to  those  of  the  CPR  composites. 

The  data  shown  in  Table  XXIV  for  six  CPR  composites  which  have  been 
carbonized  at  400°C  (673°K)  were  obtained  at  room  temperature  on  the  os- 
cillatory slider  and  represent  only  portions  of  the  data  presented  in  the 
previous  report  section.  The  data  points  were  selected  to  include  a low 
PV  value  at  a low  load,  a high  PV  value  at  a high  load  and  one  high  and 
one  low  PV  value  at  intermediate  loads. 

The  two  specimens  which  contained  only  18%  graphite  fibers  (CID-101 
(3x)  and  CID-103  (3x))  both  failed  at  the  high  load,  but  do  exhibit  low 
wear  factors  at  the  lower  loads.  Two  of  the  specimens  which  contain  317» 
graphite  fibers  (CID-101  (6x)  and  CID-111-3  (6x))  withstood  the  high  test 
loads  shown  in  Table  XVII  and  exhibited  low  wear  factors  at  those  condi- 
tions. Another  specimen  which  contained  317..  fibers  (CID-103  (6x))  exhi- 
bited low  friction  and  wear  until  failure  at  the  high  load.  The  one  speci- 
men which  contained  387>  fibers  (CID-101  (8x))  withstood  all  test  loads, 
exhibiting  low  wear  factors  and  friction  coefficients. 
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TABLE  XXIV 


COMPARATIVE  FRICTION  AND  WEAR  DATA  FROM  SCREENING  TESTS  FOR 


Mater ia 1— ^ 

Type^7 
of  Test 

Temp . 
(°K) 

Load 

(MN/nT) 

CPR  AND 

Speed 

(rc/s) 

OTHER  COMPOSITES 

PV  Wear  Factor, 

(MNm/  Ks 

m^s)  (I0-1^  nP/Nm) 

Friction 

Coefficient 

C ID- 101 

( 3x> 

FF,0 

323 

10.3 

0.061 

0.63 

28.3 

0. 10 

CID-101 

(3x) 

FF  ,0 

323 

20.7 

0.183 

3.78 

4.72 

0.04 

CIO- 101 

(3x) 

FF  ,0 

323 

41.4 

0.015 

0.63 

33.2 

0.08 

CID-101 

(3x) 

FF  ,0 

323 

82.7 

0.046 

3.78 

failed 

- 

CID-101 

(6x) 

FF  ,0 

323 

10.3 

0.061 

0.63 

22.3 

0. 15 

CID-101 

(6x) 

FF  ,0 

323 

20.7 

0.183 

3.78 

3.6 

0.05 

CID-101 

(6x) 

FF  ,0 

323 

41.4 

0.015 

0.63 

20.2 

0. 12 

CID-IOL 

(6x) 

FF,0 

323 

82.7 

0.046 

3.78 

10.2 

0.06 

CID-101 

(8x) 

FF  ,0 

323 

10.3 

0.061 

0.63 

- 

- 

CID-101 

(8x) 

FF  ,0 

323 

20.7 

0. 183 

3.78 

" 

- 

CID-101 

(8x) 

FF  ,0 

323 

41.4 

0.015 

0.63 

31.3 

0.09 

CID-101 

(8x> 

FF  ,0 

323 

82.7 

0.046 

3.78 

4.7 

0.03 

CID-103 

( 3x> 

FF,0 

323 

10.3 

0.061 

0.63 

34.5 

0.15 

CID-103 

(3x) 

FF,0 

323 

20.7 

0. 183 

3.78 

9.23 

0.04 

C ID- 103 

(3x) 

FF  ,0 

323 

41.4 

0.015 

0.63 

failed 

- 

CID-103 

(3x) 

FF,0 

323 

82.7 

0.046 

3.78 

fa iled 

- 

CID-103 

(6x) 

FF  ,0 

323 

10.3 

0.061 

0.63 

79.4 

0.22 

CID-103 

(6x) 

FF  ,0 

323 

20.7 

0.183 

3.78 

14.5 

0.06 

CID-103 

(6x) 

FF,0 

323 

41.4 

0.015 

0.63 

23.7 

0.08 

CID-103 

(6x) 

FF,0 

323 

82.7 

0.046 

3.78 

failed 

- 

CID-111 

(6x) 

FF,0 

323 

10.3 

0.061 

0.63 

- 

- 

CID-111 

(6x) 

FF,0 

323 

20.7 

0.183 

3.78 

- 

- 

CID-lll 

(6x) 

FF,0 

323 

41.4 

0.015 

0.63 

15.4 

0.18 

CID-lll 

(6x) 

FF  ,0 

323 

82.7 

0.046 

3.78 

3.89 

0.05 

CID-lll 

(6x) 

FF,0-C 

323 

165.5 

0.015 

2.52 

9.39 

0.04 

CID-101 

(6x) 

FF ,0-C 

323 

165.5 

0.015 

2.52 

28.4 

0.04 

PI+GF-I 

00 

cc,u 

4.4 

0.23 

E+GF-II 

(R) 

cc,u 

82.0 

0.57 

PfH-GF-II  (P) 

cc,u 

75.0 

0.45 

V+GF-I 

(Fe) 

cc,u 

323 

( 11.7N)— 70. 53 

c/ 

85.0 

- 

V+GF-I  i 

(Cr) 

cc,u 

323 

(11 . 7N)— 70. 53 

c/ 

48.0 

0.20 

V+GF-I 

(Fe) 

cc,u 

473 

(11. 7N )- 

-'0.53 

c/ 

850.0 

- 

V+GF-I 

(Cr) 

cc,u 

473 

(11.7N)£'0.53 

c/ 

600.0 

0. 10 

V-t-GF-I 

(Fe) 

cc.u 

573 

(11. 7N)£70. 53 

£/ 

2,400.0 

- 

V+GF-I 

(Cr) 

cc,u 

573 

(11 . 7N)£70. 53 

c/ 

970.0 

0.10 

Vf  GF-  1 1 

(Fe) 

cc,u 

323 

(U.7N)! 

170. 53 

c/ 

103.0 

- 

V+GF-I  I 

(Cr) 

cc,u 

323 

(11.7N)£'0.53 

c/ 

85.0 

0. 18 

V»  GF-II 

(Fe) 

cc.u 

473 

( 11 . 7N)£70.53 

c/ 

850.0 

- 

V+GF-II 

(Cr) 

cc,u 

473 

( 11 . 7N)— 70. 53 

£_/ 

250.0 

0.10 

c / 

Reference— 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

B 

B 

B 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 
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TABLE  XXIV  (Concluded) 


Material—^ 

Type^  Temp, 
of  Test  (*K) 

Load  Speed 

(MN/nr)  (m/s) 

PV 

(MNm/ 

7 . 

m~s) 

Wear  Factor, 

Ks  , 

(10- 17  m’vNrn) 

Friction 
Coeff ic ient 

c/ 

Referenc  c~~ 

V+GF-II  (Fe) 

CC,U 

573 

(ll.7N)-/0.53 

£/ 

2,400.0 

C 

V+CF-It  (Cr) 

CC.U 

57  3 

(11 . 7N)—^0. 53 

£/ 

1,200.0 

0.18 

C 

PI+GF+CdI2 

CC,U 

323 

(ll.7N)-/0.53 

(11.7N)£/0.53 

c/ 

9.7 

- 

C 

PI+GF+CdI2 

CC,U 

473 

c/ 

42.0 

- 

C 

PI+GF+CdI2 

CC,U 

573 

(11. 7N)— ^0.53 

£/ 

96.0 

- 

c 

PM-103 

CC,U 

300 

2.75  0.36 

0.99 

186.0 

0.37-0.03 

D 

PM- 103 

CC,U 

300 

5.17  0.36 

1.86 

68.7 

0.12-0.03 

D 

PM-  103 

CC,U 

300 

10.3  0.36 

3.71 

25.7 

0.15-0.05 

0 

PM-103 

cc,u 

300 

15.5  0.36 

5.58 

7.9 

0.25-0.03 

D 

PM-103 

CC.U 

300 

20.7  0.36 

7.45 

10. 1 

0. 16-0.03 

D 

a/  Material  Composition 

CID-101 : MoS2  + Sb203 

+ graphite  fibers  in  a carbonized  phenolic  resin  (CPR)  matrix; 

C1D-103-. 

3x  = 
MoS2 

18%,  6x 
+ ZnO  + 

= 31%,  8x  = 38% 
graphite  fibers 

fibers . 
in  a CPR 

matrix;  3x  - 

18%,  6x  = 31% 

fibers. 

CID-U1- 

■3  (6x) 

: 2%  tetrof iuoroethy lene 

powder 

added  to  CID- 

101  (6x)  composition. 

PI+GF-I 

(R): 

Polyimide  resin  matrix  filled  with  Type  1 graphite  fibers  in 

a random 

E+GF-II 

(R): 

or ientat ion . 

Epoxy  resin  matrix  filled 

with  Type  II  graphic 

e fibers  in  a : 

random 

or ientat ion. 


PP4-GF-II  (P):  Polyphenylene  resin  matrix  for  Type  II  graphite  fibers  oriented 
parallel  to  the  sliding  direction. 

V+CF-1:  Typical  of  various  resin  matrix  composites  with  Type  I graphite  fibers  mated 

against  mild  steel  (Fe)  or  chrome  plated  steel  (Cr). 

V+GF-II:  Type  II  graphite  fibers  used  in  above  composites. 

PI+GF+Cdl:  Polyimide  resin  matrix  for  graphite  fibers  and  Cdl,. 

b/  Type  of  Test: 

FF,0  - Flat  specimen  on  flat  steel  mating  surface  in  oscillatory  motion. 

FF,0-C  - Flat  end  of  cylindrical,  uncarbonized  specimens  (tapered  at  edges  to  a con- 
straining steel  sleeve)  sliding  on  flat  steel  mating  surface  in  oscillatory 
mot  ion . 

CC,U  - Cylindrical  specimen  on  cylindrical  mating  surface,  axes  at  90  degrees,  in 
unidirectional  motion. 

c/  Source: 

A - This  report,  Section  III. 

B - J.  P.  Giltrow,  See  Ref,  7. 

C - J.  P.  Giltrow,  See  Ref.  8. 

D - Technical  Bulletin,  Pure  Carbon  Company. 


, 
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Data  are  also  shown  in  Table  XXIV  for  two  uncarbonized  specimens, 
which  were  compression  molded  within  constraining  steel  sleeves  and 
machined  at  a 45  degree  taper  to  form  a flat,  circular  contact  area,  with- 
stood loads  of  twice  the  value  sustained  by  similar,  unrestrained  specimens. 
That  these  specimens  exhibited  low  friction  and  wear  characteristics  under 
such  high  loads,  indicates  that  these  composites  offer  great  potential  for 
use  where  bearings  are  specifically  designed  to  utilize  their  material 
properties  to  best  advantage. 

Additional  data  shown  in  Table  XXIV  were  gleaned  from  the  literature. 
These  data,  reported  by  Giltrow  (Refs.  7-8),  were  collected  in  a different 
type  of  screening  test  device  than  used  at  MRI  and  this  fact  makes  the 
data  comparison  subject  to  question.  However,  the  wear  trends  with  temper- 
ature and  composition  may  still  be  valid  for  a comparative  discussion. 

The  test  configuration  consisted  of  a cylindrical  composite  specimen 
(0.25  in.  diameter;  0.00635  m)  in  contact  with  a rotating  metal  cylinder 
(4.0  in.  diameter,  0,10  m) . The  load  was  2.64  lb  (11.7  N)  and  the  unit 
loading  changed  during  each  test,  as  the  wear  progressed.  However,  it  is 
estimated  that  the  unit  loading  for  most  of  those  specimens  reached  a 
value  less  than  80  MN/m  within  the  first  hour  of  the  test.  If  that  is 
true,  then  the  unit  loading  would  be  comparable  to  the  values  used  in  the 
MRI  tests  over  a substantial  period  of  the  test.  However,  it  should  be 
kept  in  mind  that  the  unit  loading  would  remain  high  much  longer  for 
specimens  exhibiting  a low  wear  factor  than  for  those  having  a high  wear 
factor. 

The  wear  factor  shown  in  Table  XXIV  for  polyimide  resin  with  Type  I 
graphite  fibers  in  random  orientation  is  very  low  (4  x 10“^  m^/Nm),  equi- 
valent  to  several  CPR  specimens  tested  at  20.7  MN/m  and  0.183  m/s.  How- 
ever, the  friction  coefficient  is  four  to  five  times  that  of  the  CPR  speci- 
mens. Other  composites  prepared  with  epoxy  or  polyethylene  resin  matrices 
and  containing  either  Type  I or  Type  II  graphite  fibers  are  listed  in 
Table  XXIV  with  room  temperature  wear  factors  20  times  that  cited  above. 
Data  are  also  shown  for  composites  prepared  with  various  resin  matrices 
which  were  tested  at  elevated  temperatures  wherein  the  mating  material  was 
either  mild  steel  (Fe)  or  chrome  plated  steel  (Cr).  The  wear  factor  is 
shown  to  increase  by  about  a factor  of  10  when  the  temperature  is  increased 
from  323°K  to  475°K  (122  to  400°F)  and  another  factor  of  1.5  to  3.0  when 
the  temperature  is  increased  to  573°K  (570°F).  In  all  cases  the  wear  fac- 
tor is  significantly  lower  when  chromium  plated  steel  is  used  instead  of 
mild  steel  as  the  mating  surface. 
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Data  are  also  shown  in  Table  XXIV  for  composites  of  graphite  fibers 
anc'^dl2  powder  in  a polyimide  matrix.  The  wear  factors  for  these  compo- 
sites at  122°F  (323°K)  are  double  the  value  shown  for  room  temperatures 
tests  of  a similar  composite  without  the  Cd^.  The  wear  factors  for  these 
composites  also  increase  with  temperature  by  a factor  of  four  at  400°F 
(473°K)  and  a factor  of  10  at  570°F  (573°K). 

The  data  shown  in  Table  XXV  include  a summary  of  the  oscillatory 
journal  bearing  data  generated  on  this  program  as  well  as  some  similar 
data  recently  reported  by  Sliney  (Ref.  20).  The  data  for  CID-101  (6x) 
composites  indicate  a general  decrease  in  wear  factor  with  increasing 
load  at  each  temperature.  Furthermore,  the  wear  factors  at  400  and  600°F 
(477  and  588°K)  tend  to  be  lower  than  those  measured  at  100°F  (311°K). 
Comparison  with  data  in  Table  XVII  indicate  that  the  wear  factor  is  higher 
by  a factor  of  10  to  100  for  these  oscillatory  journal  test  conditions 
than  for  oscillatory  flat-on-flat  bearing  surfaces. 

The  data  shown  in  Table  XXV  for  CID-101  (3x)  specimens,  which  con- 
tain 18%  fibers,  indicate  a distinctly  inferior  performance  in  comparison 
with  the  CID-101  specimens  which  contain  31%  fibers.  The  lowest  wear  fac- 
tors for  the  CID-101  (3x)  specimens  were  found  at  400°F  (477’K)  and  next 
lowest  at  600°F  (588°K) . However,  little  difference  was  found  between  the 
two  loads  at  those  temperatures. 

The  data  reported  by  Sliney  (Ref.  20),  which  are  included  in  Table 
XXV,  indicate  that  wear-rates  for  graphite  fiber  filled  polyimide  com- 
posites are  approximately  the  same  as  those  of  CID-101  (6x)  composites. 
Sliney's  data  also  indicate  substantial  reduction  in  wear  rate  for  liners 
that  are  molded  in  place  when  compared  to  inserted  liners  that  have  been 
machined  from  composite  blanks. 


TABLE  XXV 


COMPARATIVE  FRICTION  AND  WEAK  DATA  FROM  OSCILLATORY  JOURNAi  TESTS  FOR 
CPR  AND  OTHER  COMPOSITES 


Temp. 

Material-'  (JK) 

Load 

(MN/m') 

Speed 

(m/s) 

PV 

(MNm/ 

nrs) 

Wear  Factor, 
(10-17  m^/Nm) 

Friction 
Coef  f ic i ent 

„ b 

Source- 

CID-101  (6x) 

311 

13.8 

0.011 

0.15 

888.0 

A 

CID-101  (6x) 

311 

27.  b 

0.011 

0.31 

635.0 

- 

A 

CID-101  (bx) 

311 

41.4 

0.011 

0.46 

148.0 

0.12 

A 

CIO-101  (bx) 

311 

55.2 

0.011 

0.61 

55.7 

- 

A 

CID-101  (bx) 

311 

b9.0 

0.011 

0.76 

55.9 

0.07 

A 

C1D- 101  (bx) 

477 

13.8 

0.011 

0, 15 

424.0 

- 

A 

CID-101  (bx) 

477 

27.6 

0.011 

0.31 

52.1 

- 

A 

CID-101  (bx) 

477 

41.4 

0.011 

0.46 

74.2 

- 

A 

CID-101  (6x) 

477 

55.2 

0.011 

0.61 

171.0 

- 

A 

CID-101  (6x) 

477 

69.0 

0.011 

0.76 

77.5 

- 

A 

CID-101  (bx) 

588 

13.8 

0.011 

0.15 

445.0 

- 

A 

CID-101  (bx) 

588 

27.6 

0.011 

0.31 

54.6 

- 

A 

CID-101  (bx) 

588 

41.4 

0.011 

0.46 

148.0 

- 

A 

CID-101  (bx) 

588 

55.2 

0.011 

0.61 

139.0 

- 

A 

CID-101  (6x) 

588 

69.0 

0.011 

0.76 

615.0 

- 

A 

CID-101  (3x) 

311 

13.8 

0.011 

0.15 

1,250.0 

- 

A 

CID-101  (3x) 

311 

27.6 

0.011 

0.31 

2,160.0 

0.08 

A 

CID-101  (3x) 

477 

13.8 

0.011 

0.15 

498.0 

- 

A 

CID-101  (3x) 

477 

27.6 

0.011 

0.31 

443.0 

- 

A 

CID-101  (3x) 

588 

13.8 

0.011 

0.15 

1,050.0 

- 

A 

CID-101  (3x) 

588 

27.6 

0.011 

0.31 

1,030.0 

- 

A 

CID-101  (3x) 

311 

13.8 

0.0012 

0.017 

3,860.0 

- 

A 

CID-101  (3x) 

311 

27.6 

0.0012 

0.034 

1,090.0 

- 

A 

CID-101  (3x) 

311 

41.4 

0.0012 

0.051 

516.0 

- 

A 

CID-101  (3x) 

311 

55.2 

0.0012 

0.084 

3,250.0 

- 

A 

CID-lll  (6x) 

311 

41.4 

0.0012 

0.051 

180.0 

- 

A 

PI+GF  (IL) 

798 

28.5 

400.0 

0.15 

D 

PI+GF  (ML) 

298 

28.5 

110.0 

0.15 

D 

PI+CF  (IL) 

478 

28.5 

450.0 

0.08 

D 

PI+GF  (ML) 

478 

28.5 

160.0 

0.08 

D 

PI+GF  (IL) 

588 

28.5 

260.0 

0.05 

D 

PI+GF  (ML) 

588 

28.5 

120.0 

0.05 

D 

a/  Material  Composition: 

CID-101 

(6x) : 

MoS2  + 

Sb^O^  + 

graphit 

e fibers  (311) 

in  a carbonized 

phenol ii 

resin 

matrix. 

CID-101 

(3x): 

Substitute  18 

for  31 

fibers  in  above  composition. 

PI+GF  (IL):  Graphite  fibers  in  a polyiraide  matrix;  liner  machined  and 

inserted  In  metal  sleeve. 

PI+GF  (ML):  Same  composition  above;  liner  molded  directly  in  the 

metal  sleeve. 

b/  Source; 

A - This  report.  Section  III. 

0 - H.  E.  Sliney,  see  Ref.  20. 


V. 


CONCLUDING  COMMENTS 


1.  CPR  composites  have  been  successfully  prepared  with  as  much  as 
59%  (vol.)  graphite  fibers. 

2.  Compressive  strength  data  for  97  separate  specimens  indicate  that 
fiber  content  of  18  to  31%  is  beneficial  in  these  composites.  Uncarbonized 
composites  are  generally  stronger  in  these  tests  than  are  the  carbonized 
specimens.  The  addition  of  2 to  4%  PTFE  (CID-111  composition)  improves  the 
compressive  strength  over  that  of  the  CID-101  composites  (which  are  of 
similar  composition  without  PTFE).  The  substitution  of  ZnO  (CID-103)  for 
Sb2C>3  (CID-101)  does  not  improve  the  composite  strength.  The  use  of  longer 
graphite  fibers  (CID-101-L)  results  in  no  significant  change  in  strength 
from  composites  utilizing  short  fibers  (CID-101).  Carbonizing  of  the  com- 
posite while  under  pressure  in  the  die  generally  results  in  lower  compres- 
sive strength  than  is  achieved  by  the  very  slow  carbonizing  rate  of  com- 
posites not  under  external  pressure.  The  substitution  of  glass  fibers 
(CID-1101)  for  graphite  fibers  (CID-101)  does  not  significantly  change  the 
compressive  strength.  Comparison  of  values  with  those  reported  for  some 
other  self- lubricating  composites  with  600°F  capabilities,  reveals  that 
some  of  the  Molalloy  compacts,  which  utilize  a refractory  metal  matrix  for 
M0S2  and  are  compression  molded  at  very  high  temperatures,  exhibit  compres- 
sive strengths  three  to  six  times  as  great  as  CPR  composites.  Other  Molalloy 
compacts  and  some  Vespel  compacts,  which  utilize  polyimide  resin  as  a matrix 
for  M0S2,  graphite  or  PTFE,  are  reported  to  have  compressive  strengths  very 
similar  to  that  measured  for  the  better  CPR  composites. 

3.  Screening  data  obtained  by  oscillatory  sliding  of  flat  specimens 
shows  improved  load  carrying  capacity  of  specimens  with  increasing  fiber 
content  (from  0 to  317<>) . Little  change  in  friction  coefficient  is  noted 
with  increased  fiber  content;  the  friction  coefficient  is  usually  between 
0.04  and  0.10  and  occasionally  between  0.10  and  0.20. 

4.  Screening  data  have  been  obtained  with  especially  prepared  speci- 
mens of  CID-101  and  CID-111  composites  at  loads  as  high  as  27,450  psi 
(189.3  MN/m^)  at  an  average  speed  of  3 fpm  (0.015  m/s).  The  special  pre- 
paration included  compression  molding  within  a constraining  steel  sleeve 
and  45  degrees  tapering  of  the  edges  adjacent  to  the  wear  area.  The 
special  preparation  features  probably  contributed  to  the  doubling  of  the 
test  load  capacity  of  these  composites  over  that  achieved  with  flat, 
square  composite  specimens  cemented  directly  to  a steel  plate. 
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5.  The  synergistic  effect  of  Sb2C>3  appears  to  be  more  beneficial  than 
ZnO,  even  at  the  higher  loads  and  lower  speeds  which  have  been  included  in 
current  screening  experiments. 

6.  Beneficial  synergistic  effects  in  both  friction  and  wear  have  been 
shown  in  screening  experiments  by  the  addition  of  tetraf luoroethy lene 
powders  to  composites  containing  MoS2>  Sb203,  and  graphite  fibers  in  a 
carbonized  phenolic  resin  matrix. 

7.  The  friction  coefficients  of  the  better  CPR  composites,  such  as 
CID-101  and  CID-111,  are  low  over  a wide  range  of  loads,  speeds,  and  temp- 
eratures in  oscillatory  motion.  The  coefficients  are  generally  less  than 
0.20  at  the  light  loads  (1,500  psi;  10.3  MN/m^)  and  less  than  0.10  at  the 
higher  loads  (12,000  psi;  82.7  HN/m^).  These  friction  coefficient  values 
are  acceptable  for  most  applications  of  self-lubricating  composites. 

8.  Journal  bearing  liners  have  been  successfully  molded  and  carbon- 
ized directly  in  metal  housings. 

9.  Data  from  oscillatory  journal  bearing  tests  show  satisfactory 
performance  for  CID-101  composites  containing  317.  fibers  at  loads  up  to 
10,000  psi  (69  MN/m^) , temperature  to  600°F  (588°K)  and  at  speeds  of  100 
cpm  (1.67  cps);  the  oscillation  is  + 15  degrees  with  average  linear  speeds 
of  2.18  ppm  (0.011  m/s). 

10.  At  the  present  stage  of  development  the  CPR  composites  compare 
very  favorably  in  terms  of  wear  and  friction  coefficients  to  the  better 
self- lubricating  composites  currently  available. 

11.  Self- lubricating  composites  which  utilize  a matrix  of  carbonized 
phenolic  resin  tend  to  be  brittle.  This  factor  needs  to  be  considered  in 
the  evaluation  and  use  of  CPR  composites.  The  design  of  bearing  housings 
to  minimize  edge  stresses  may  be  important  in  maximizing  the  performance 
of  CPR  composites. 

12.  Additional  tribological  data  may  be  very  useful  in  assessing  the 
potential  applications  and  limitations  of  CPR  composites,  especially 
bearing  designs  which  minimize  edge  loading  and  which  provide  compressive 
preload  in  order  to  minimize  edge  chipping. 
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